
1 
 

Horstmann A, Fenske WK, Hankir MK. Argument for a non-linear relationship between 

severity of human obesity and dopaminergic tone. Obes Rev. 2015;16:821-30. 

 

This is the peer reviewed version of the following article: Horstmann, A.; Fenske, W. K.; Hankir, 

M. K. (2015): Argument for a non-linear relationship between severity of human obesity and 

dopaminergic tone. In: Obesity reviews: an official journal of the International Association for 

the Study of Obesity 16 (10), S. 821–830., which has been published in final form at 

http://dx.doi.org/10.1111/obr.12303. This article may be used for non-commercial purposes in 

accordance with Wiley Terms and Conditions for Self-Archiving. 

  

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Qucosa - Publikationsserver der Universität Leipzig

https://core.ac.uk/display/226118088?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1111/obr.12303
http://olabout.wiley.com/WileyCDA/Section/id-820227.html#terms


2 
 

Keywords 

Dopamine; obesity; PET; reward sensitivity 

 

Summary 

Alterations in the dopaminergic system have been implicated in both animal and human obesity. 

However, to date, a comprehensive model on the nature and functional relevance of this 

relationship is missing. In particular, human data remain equivocal in that seemingly inconsistent 

reports exist of positive, negative or even no relationships between dopamine D2/D3 receptor 

availability in the striatum and measures of obesity. Further, data on receptor availability have 

been commonly interpreted as reflecting receptor density, despite the possibility of an alternative 

interpretation, namely alterations in the basal levels of endogenous dopaminergic tone. Here, we 

provide a unifying framework that is able to explain the seemingly contradictory findings and 

offer an alternative and novel perspective on existing data. In particular, we suggest (i) a 

quadratic relationship between alterations in the dopaminergic system and degree of obesity, and 

(ii) that the observed alterations are driven by shifts in the balance between general dopaminergic 

tone and phasic dopaminergic signalling. The proposed model consistently integrates human data 

on molecular and behavioural characteristics of overweight and obesity. Further, the model 

provides a mechanistic framework accounting not only for the consistent observation of altered 

(food) reward–responsivity but also for the differences in reinforcement learning, decision-

making behaviour and cognitive performance associated with measures of obesity. 

 

Introduction 

Obesity is associated with prominent alterations in the dopaminergic system in both animals and 

humans [1]. However, human data remain equivocal in that seemingly inconsistent reports exist 

of positive, negative or even no relationships between dopamine D2/D3 receptor availability in 

the striatum and measures of obesity. Further, data on receptor availability have been commonly 

interpreted as reflecting D2/D3 receptor density, despite the possibility of an alternative 

interpretation, namely alterations in the basal levels of endogenous dopaminergic tone. Here, 

upon reviewing the existing data, we provide a unifying framework that is able to (i) explain the 

seemingly contradictory findings and (ii) offer an alternative perspective on the existing data. 

The main question posed by this review is thus the following: can the assumption of a quadratic 

relationship between dopaminergic tone and degree of obesity reconcile the conflicting results on 

postsynaptic dopaminergic signalling in human obesity? 
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Dopamine signalling 

Phasic and tonic dopamine signalling 

The dopaminergic system is composed of three main pathways in the brain (for an overview, see 

Fig. 1). Dopaminergic input arises from neurons in the substantia nigra pars compacta (SNpc) 

and the ventral tegmental area (VTA), both located in the midbrain. The nigrostriatal pathway 

(Fig. 1, 1) delivers dopaminergic input from the SNpc to the dorsal striatum. This pathway has 

mostly been associated with motor control and the formation of automatic stimulus–response 

links such as habits. Secondly, information within the mesolimbic pathway (Fig. 1, 2) travels 

from the VTA to the nucleus accumbens (NAcc) in the ventral striatum from where it is relayed 

to the limbic system, i.e. the amygdala, hippocampus and prefrontal cortex (PFC). Finally, the 

mesocortical pathway (Fig. 1, 3) provides direct dopaminergic input from the VTA to the frontal 

cortex. 

 

Figure 1. Schematic overview on the three main dopaminergic pathways in the human brain. 

 

 

 

Figure 2. Overview on central dopaminergic metabolism (simplified). DOPA, 

dihydroxyphenylalanine; DOPAC, dihydroxyphenylacetic acid; HVA, homovanillic acid; 

MHPG, 3-methoxy-4-hydroxyphenylglycol; VMA, vanillylmandelic acid. 
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Figure 3. Relationship between reported relative difference in binding potential (BP) and the 

relative difference in mean body mass index (BMI) between lean and obese group under study 

[36-40]. Mean BMI of the obese groups ranges from 36.1 to 51.2 kg/m2. 

 

Dopamine (DA) in the central nervous system (CNS) acts as both neurotransmitter and 

neuromodulator. These functions differ with respect to their time scale of action, local 

distribution of DA and their effects in the CNS. 

 

Phasic DA release, in keeping with DA's function as neurotransmitter, is fast (with a millisecond 

precision), is dependent upon DA neuron burst firing, acts almost exclusively on postsynaptic 

cells and is quickly removed from the synaptic cleft, apparently without diffusion into the 

adjacent space. Phasic burst spiking activity depends upon glutamatergic excitatory synaptic 

input [2]. In contrast, background tonic DA release, reflecting DA's role as a neuromodulator, is 

independent of DA neuron burst firing, is not limited to the synapse and acts on a longer time 

scale of minutes to hours. Normally, tonic DA release is under potent GABAergic inhibition [2, 

3], and spontaneous tonic spiking activity of VTA neuron populations determines the 

concentration of tonic extracellular DA [2]. 

 

Phasic DA release is triggered by behaviourally relevant stimuli, thereby serving as a learning 

and eventually prediction signal [4-6]. However, the intensity of phasic DA response can be 
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modulated by tonic DA release through an effect on extracellular DA levels [7]. Tonic DA 

activity has been demonstrated to be a potent inhibitor of phasic signals due to activation of 

release-regulating presynaptic autoreceptors [8-11]. Exogenous DA has been experimentally 

shown to hyperpolarize and eventually silence isolated dopaminergic neurons [12]. Importantly, 

tonic DA release at physiological levels may define the background level of DA receptor 

stimulation and availability at both the levels of autoreceptors and postsynaptic receptors [7]. 

Importantly, extrasynaptic tonic DA levels have been shown to exhibit slow but substantial 

alterations in response to drugs or stress [13]. Therefore, homeostatic processes induced by 

altered DA tone may contribute to a modulation of phasic DA responsivity. 

 

Alterations in the balance between tonic and phasic DA signalling have been described during 

adolescence and in psychiatric diseases such as schizophrenia and depression [7]. Adolescence is 

accompanied by increases in incentive–reward motivation, potentially mediated by an altered 

interplay between tonic and phasic modes of DA transmission [14]. In schizophrenia, abnormally 

large responses to phasic DA release are suggested to be induced by a reduced overall DA tone 

[7, 15], caused by a reduction of excitatory afferent input from hippocampus and PFC to the 

ventral striatum [2]. Here, we hypothesize that the opposite may be true for severe obesity, 

namely that abnormally small responses in phasic DA release might be paralleled by an overall 

increased DA tone. 

 

Dopaminergic signalling and subjective reward 

With the introduction of optogenetic techniques, it is feasible to manipulate the firing properties 

of DA neurons, and hence the tonic and phasic release of DA, in a highly controlled fashion in 

freely behaving animals. Phasic, unlike tonic, light-activated stimulation of VTA DA neurons 

results in a transient release of DA in the ventral striatum in vivo. Animals develop a preference 

for a chamber associated with phasic DA neuron stimulation over a chamber associated with 

tonic DA neuron stimulation [16], which is illustrative of the rewarding properties of phasic DA 

release. Similarly, phasic stimulation of VTA DA neurons was shown to positively reinforce 

actions associated with delivery of food. Interestingly, such actions were not reinforced in the 

absence of food delivery [17]. These results suggest that phasic stimulation of DA neurons 

modulates reward-related learning and can specifically impact on food-seeking behaviour. While 

phasic firing of DA neurons thus may signal the arrival of reward, tonic firing of the same 

neurons is thought to subserve motivational states [18]. For example, in DA transporter knock-

down mice, chronically elevated extracellular DA facilitates ‘wanting’ and learning of an 

incentive motivation task for a sweet reward [19], whereas the general ‘liking’ of food 

reinforcers seems to be mostly unaffected by changes in DA tone [20]. Thus, individuals with 

increased dopaminergic tone might attribute higher incentive salience to rewarding stimuli. 



6 
 

 

Further, it has been shown for drugs of abuse that the subjective perception of reward depends 

upon the ability to induce a fast and steep increase in phasic striatal DA release [21]. Drugs that 

are more potent in this regard are classified as being more addictive. Further, the kinetics of the 

drug determine the intake frequency: drugs with a slower clearance are consumed less frequently 

compared with drugs that are cleared faster [22]. The obese state is accompanied by a reduced 

phasic DA release in the striatum in response to pharmacological [23] or glucose challenge [24], 

and unexpected taste rewards [25], an effect that may depend upon dietary fat content [26]. 

Importantly, the observation of reduced phasic DA release indicates less subjective reward in 

obese subjects. From this, the ‘reward-deficiency hypothesis’ for obesity has been derived, 

stating that obese subjects overeat to compensate for a reduced feeling of subjective reward from 

food [27], caused by attenuated phasic dopaminergic signalling. 

 

Obesity and the dopaminergic system 

The following paragraphs will review and interpret existing human data, analysing obesity-

associated differences in essential factors controlling dopaminergic tone and phasic 

dopaminergic responses. 

 

Phasic dopaminergic transmission and basal dopaminergic tone depend upon various factors 

such as DA synthesis capacity, stipulated by levels of DA precursors, the density and availability 

of DA receptors, the activity and level of dopamine transporter (DAT), which defines the rate of 

DA removal from the synaptic cleft in the striatum, and enzymes involved in the synthesis 

(tyrosine hydroxylase) and degradation of DA in prefrontal areas, such as catechol-O-methyl 

transferase and monoamine oxidase. In humans, some of these components can be measured 

either indirectly by molecular neuroimaging or by determining the level of the metabolites of DA 

in the cerebrospinal fluid (CSF), blood or urine. 

 

Several alterations within the dopaminergic system have been observed in overweight and obese 

subjects. Most prominent are reports on altered striatal D2/D3 receptor availability and 

functional differences in the striatum, e.g. DA release. However, some studies have also 

addressed a differential level in DA metabolites. 
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Catecholamine metabolites (homovanillic acid, vanillylmandelic acid, 3-methoxy-4-

hydroxyphenylglycol, dihydroxyphenylacetic acid) 

Adult obese subjects have been reported to have higher levels of homovanillic acid (HVA) in the 

CSF [28]. HVA measured in the CSF, blood or urine is DA's main catabolite and is suggested to 

reflect the central dopaminergic turnover and tone [29], while peripherally measured DA is 

unlikely to reflect the centrally synthesized DA because DA itself cannot cross the blood–brain 

barrier. Central DA is synthesized from dihydroxyphenylalanine (DOPA) and is further 

metabolized to noradrenaline and adrenaline (see Fig. 2). Its degradation leads to the catabolites 

dihydroxyphenylacetic acid (DOPAC) and eventually HVA. Degradation of noradrenaline leads 

to 3-methoxy-4-hydroxyphenylglycol (MHPG) and vanillylmandelic acid (VMA), and the 

degradation of adrenaline to VMA. These catabolites can be measured peripherally, i.e. directly 

in the blood or after clearance by the kidneys in the urine. 

 

Further, obese children show significantly increased urinary levels of HVA and MHPG 

compared with normal controls and a nominally increased secretion of DOPAC [30]. This 

indicates that obesity might be paralleled by increases in tonic DA as a result of increased 

synthesis or turnover. 

 

In contrast, malnourished individuals with anorexia nervosa show reduced levels of HVA in the 

CSF, an effect that even persists after recovery [31]. Taken together, these results indicate that 

weight status in general might be associated with altered dopaminergic tone in the CNS. 

Interestingly, patients suffering from Prader–Willi syndrome, a rare genetic disorder that is 

linked to severe hyperphagia, also show increased levels of HVA in the CSF independent of 

body mass index (BMI) [32]. This finding supports the notion that dopaminergic tone might be 

associated with characteristics of eating behaviour, or dietary content, rather than weight status 

per se. 

 

Dopamine release, dopamine reuptake and dopaminergic tone via dopamine transporter 

Rodent studies suggest that there might be an increase in striatal extracellular DA following 

prolonged high fat intake or diet-induced obesity (DIO) [26, 33]. This has been ascribed in part 

to a reduced rate of DA reuptake in the striatum, as has been demonstrated in non-obese animals 

that have been fed a high-fat diet (HFD) for 6 weeks when compared to animals receiving a low-

fat diet [26]. Reduced uptake is thought to be mediated by either disturbed trafficking or post-

translational modifications of the DAT protein in non-obese HFD rats [26], or its reduced 
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production in DIO rats [33]. In humans, however, there seems to be no reliable association 

between obesity and DAT availability [34, 35]. 

 

D1, D2/D3 receptors 

While human studies on the relationship between D1 receptors and obesity are missing so far, 

several studies have addressed the relationship between D2/D3 receptor availability and obesity. 

However, studies investigating the binding potential (BP) of D2/D3 receptors provide seemingly 

contradictory results. Wang et al. and de Weijer et al. both found lower striatal availability of 

D2/D3 receptors in obese subjects using [11C]raclopride with positron emission tomography 

(PET) and [123I]IBZM with single photon emission computed tomography (SPECT), 

respectively [36, 37]. In contrast, Guo et al. found that BP in caudate and putamen is actually 

higher in subjects with obesity when using [18F]fallypride, while there was no difference in the 

NAcc [38]. Dunn and colleagues also used [18F]fallypride to determine D2/D3-receptor BP in 

lean and obese women [39]. Their study also revealed higher BP in the caudate for obese women 

compared with their lean counterparts. Two studies reported no difference in BP between lean 

and obese subjects [40, 41]. Karlsson and colleagues also used [11C]raclopride, while Eisenstein 

and colleagues used [11C]NMB, a D2-receptor-specific compound that cannot be replaced by 

endogenous DA [40]. 

 

Interestingly, Guo and colleagues reported an association of BP and characteristics of eating 

behaviour, namely ‘opportunistic eating’, even when controlling for BMI. They identified 

positive associations with ‘opportunistic eating’ in dorsal and lateral striatum and a negative 

association in the ventromedial striatum [38]. This supports the notion of a relationship between 

BP and eating behaviour rather than BMI alone. Further, women who recovered from anorexia 

nervosa had a significantly increased BP using [11C]raclopride in the antero-ventral striatum 

compared with control women without a history of anorexia [42]. As [11C]raclopride competes 

with endogenous DA, this result is suggestive of lower dopaminergic tone in formerly anorectic 

women. Further, this finding fits well with the observation of lower levels of dopamine's main 

catabolite HVA in women who recovered from anorexia nervosa compared with control women 

[31]. 

Can the results be ascribed to receptor density or dopaminergic tone? 

Importantly, depending upon the tracer used, BP does not directly reflect the density of DA 

receptors but rather is a measure of receptor availability. The number of available, i.e. free, 

receptors depends upon the total number of receptors and their rate of occupancy. Hence, under 

the assumption of a relatively constant receptor density with an altered dopaminergic tone, in 

some cases a lower BP can be observed as receptors are competed for by endogenous dopamine. 
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For example, this was shown in the dorsal striatum in a study of lean individuals treated with 

[11C]raclopride and scanned before and after a meal [43]. 

 

All studies that report a difference in BP used compounds that are not specific for D2-receptors 

but bind also to D3-receptors, and, importantly, can be displaced by endogenous DA (see Table 1 

for details). One study that showed no differences in BP used a D2-specific tracer, which in 

addition cannot be competed for by endogenous dopamine. Taken together, these results leave 

open two alternative ways of interpreting the data: either the observed effects can be driven by 

alterations in D3-receptor availability, or by an altered level of endogenous DA in obese 

subjects. Due to the comparably low expression levels of D3Rs when compared to D2Rs [44], it 

seems unlikely that the effect would be mainly driven by altered D3R density. Dunn and 

colleagues discussed the possibility of altered endogenous DA levels in obese subjects when 

interpreting their data. Their study is the only one that exclusively measured subjects in the early 

evening (starting at 18:30) after an 8.5-h fast. Interestingly, obese subjects had lower levels of 

ghrelin compared with lean subjects directly prior to the scanning session. This is important 

because BP correlated negatively with ghrelin levels. Ghrelin has been shown to increase VTA 

DA neuron firing and tonic (but not phasic) accumbal DA release, i.e. extracellular DA levels 

[45-47]. Therefore, the difference between lean and obese groups in the study of Dunn and 

colleagues could have been induced by a differential physiological reaction in terms of ghrelin-

mediated DA release to the 8.5-h fasting period directly before scanning. In the remainder of the 

studies, nutritional status and scan condition with respect to time of day are heterogeneous 

between studies and even study groups (see Table 1). As nutritional status may influence D2R 

availability due to dopamine release, the discussion of a potential impact of variance in this 

variable on the seemingly conflicting results on the association between D2R availability and 

overweight or obesity is difficult. 
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Table 1. Study and participant characteristics of human studies comparing striatal binding 

potential (BP) between lean and obese groups 

Study Wang 

et al. [36] 

de 

Weijer 

et al. 

[37] 

Dunn 

et al. [39] 

Guo et al. 

[38] 

Karlsson 

et al. [41] 

Eisenst

ein 

et al. 

[40] 

Main finding Lower 

D2/D3 BP 

in obese 

subjects 

Lower 

D2/D3 

BP in 

obese 

subjects 

Higher 

D2/D3 BP 

in obese 

subjects 

Higher 

D2/D3 BP 

in obese 

subjects 

No 

differences 

in D2/D3 

BP 

No 

differen

ces in 

D2 BP 

Tracer [11C]raclo

pride 

[123I]IB

ZM 

[18F]fallyp

ride 

[18F]fallyp

ride 

[11C]raclo

pride 

[11C]N

MB 

BMI lean 24.7 (2.6) 

21–28 

21.7 

(2.1) 

19.5–

27.6 

23 (2) 22.4 

(21.3–

23.49) CI 

22.65 

(2.94) ns 

22.6 

(2.2) 

BMI obese 51.2 (4.8) 

42–60 

46.8 

(6.5) 

38.7–

61.3 

40 (5) 36.1 

(33.96–

38.3) CI 

41.89 

(3.88) 

37.1–49.3 

40.3 

(4.9) 

Age lean 37.5 (5.9) 

25–45 

28 (10.4) 

20–60 

40 (9) 28 (25.1–

30.4) CI 

44.86 

(12.88) 

29.7 

(5.6) 

Age obese 38.9 (7.3) 

26–54 

37.8 (7) 

26–49 

40 (8) 35 (31.9–

38.8) CI 

39.08 

(10.74) 

32.5 

(5.9) 

Ethnicity lean 

(black/white/His

panic) 

ns ns 1/7/0 ns ns. 1/14/0 

Ethnicity obese 

(black/white/His

panic) 

ns ns 5/9/0 ns ns 6/8/1 

Males/females 

lean 

7/3 0/15 0/8 12/11 0/14 4/11 

Males/females 

obese 

5/5 0/15 0/14 10/10 0/13 3/12 

Scan condition 

lean 

About 

11:00 am 

after 

overnight 

fast 

At 

various 

times of 

day 

6:30 pm 

after 8.5 h 

fasting, 

standard 

BF and 

meal 

before 

10:00 am 

Morning 

after 

standard 

BF 

Not 

specified, 

after 2 h 

fasting 

Not 

influenti

al 
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Scan condition 

obese 

About 

11:00 am 

after 

overnight 

fast 

After 

overnigh

t fast in 

the 

morning 

6:30 pm 

after 8.5 h 

fasting, 

standard 

BF and 

meal 

before 

10:00 am 

Morning 

after 

standard 

BF 

Not 

specified, 

after 2 h 

fasting 

Not 

influenti

al 

Main finding Lower 

D2/D3 BP 

in obese 

subjects 

Lower 

D2/D3 

BP in 

obese 

subjects 

Higher 

D2/D3 BP 

in obese 

subjects 

Higher 

D2/D3 BP 

in obese 

subjects 

No 

differences 

in D2/D3 

BP 

No 

differen

ces in 

D2 BP 

BMI, body mass index; BF, breakfast; CI, confidence interval; ns, not specified. 

Taken together, altered dopaminergic tone seems to be a plausible explanation of the observed 

effects. However, an influence of differences in D2/D3 receptor density cannot be excluded. 

 

Is dopaminergic tone dependent upon the level of obesity? 

Comparing the BMI range of the obese groups across all studies reveals profound differences 

between studies. Mean BMI of the obese group in the studies of Wang and colleagues and De 

Weijer and colleagues was higher than in the studies of Dunn et al., Eisenstein et al., Karlsson 

et al. and Guo et al. (for study characteristics, see Table 1). To test the hypothesis that BMI might 

influence BP in the overweight to obese range of body weight, potentially induced by alterations 

in DA tone, the relative difference in BP between lean and obese groups for all studies reported 

above was plotted against the relative difference in BMI between lean and obese controls for 

each study. A linear association would indicate a dependency between dopaminergic tone and 

grade of obesity. As shown in Fig. 3, indeed, there was a linear relationship, starting with higher 

levels of availability (interpreted as lower DA tone) in the moderately obese range and then 

quickly transitioning into profound reductions in availability (interpreted as higher DA tone) in 

the morbidly obese range. 

 

The assumption of a linear relationship between markers of human obesity and dopaminergic 

tone is further supported by correlational analyses performed within the obese group in the study 

of Wang and colleagues [36]. They observed a significant negative relationship between BMI 

and BP in severely obese subjects but not in the group of lean subjects (Fig. 4b). Conversely, 

Cosgrove et al. recently observed a positive relationship between BP and BMI in a group of 

normal weight to moderately obese subjects [48] (Fig. 4a; BMI 21.5–36.5 kg m−2). Taken 

together, these data point to a non-linear quadratic relationship between BP and BMI with higher 
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BP in the lower ranges of obesity and lower BP with more severe obesity. The observations of 

Kessler and colleagues corroborate our interpretation of the data: while they observed small 

negative relationships between BP and BMI in mildly obese subjects, they found a strong 

positive association between BMI and DA release in the striatum and SN [49]. This observation 

would be in line with a BMI-dependent decrease of tonic DA that boosts phasic DA signalling in 

the mildly obese range. 

 

 

Figure 4. Different linear relationships between body mass index (BMI) and dopamine receptor 

availability. (a) Positive association between receptor availability and BMI in moderately obese 

subjects from the study of Cosgrove et al. [48]. (b) Negative association between receptor 

availability (Bmax/Kd) and BMI in severely obese subjects from the study of Wang et al. [36]. 

 

The proposed quadratic changes in DA tone that takes place with the progression of obesity from 

none, to mild, to severe is potentially paralleled by changes in other BMI-dependent tonic 

signalling molecules such as insulin and leptin. For example, the adipokine leptin circulates in 

proportion to adiposity and inhibits VTA DA neurons and DA release [50, 51]. Therefore, a 

higher BMI could be associated with higher levels of leptin and decreased tonic DA until a 

‘break-point’ is reached when leptin resistance develops and progressively worsens, resulting in 

an escalation in DA tone. However, Guo and colleagues [38] argued that endogenous DA 

occupies only about 10% of DA receptors, thus alterations in endogenous DA may not fully 

explain the observed changes in DA receptor availability associated with overweight and obesity 

which are bigger in magnitude. Further, as opposing relationships between DA receptor 

availability in different parts of the striatum have been reported [38], the seemingly contradictory 

observations in the studies reviewed earlier might in part also be ascribed to variance in region of 

interest (ROI) selection across studies and averaging over the whole striatum. 
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In summary, differences in tonic endogenous DA levels between lean and obese subjects could 

be the main driver of group differences in studies using tracers that can be displaced by 

endogenous DA. Furthermore, a quadratic relationship between DA tone and degree of obesity is 

able to reconcile the seemingly conflicting results. 

 

If there is indeed an increase in tonic DA signalling in morbid obesity, would this result in the 

recruitment of extra-synaptic DA receptors? It appears at least from a recent PET study on 

humans that [11C]raclopride binds to an appreciable level of extra-synaptic D2Rs [52]. This 

raises the tantalizing possibility that the findings from Wang et al. are a result of decreased 

occupancy of extra-synaptic D2Rs as a consequence of increased tonic DA signalling. 

 

Human model and implications 

Suggested human model 

Our main hypothesis is that overweight/mild obesity and severe obesity are associated with 

different states of dopaminergic tone: overweight may be paralleled by a reduction in 

dopaminergic tone and associated exaggerated phasic DA responses in the striatum. On the 

contrary, severe obesity may be characterized by an increased dopaminergic tone with associated 

blunted striatal DA burst firing. Importantly, these two states would lead to differential 

predictions regarding reward sensitivity and cognitive functioning. As we built our model on 

data exclusively obtained in the striatum, it is likewise possible that alterations in DA tone are 

restricted to the striatum or also pertain to other structures with dopaminergic input, e.g. the PFC. 

 

Reward sensitivity and dopamine tone 

An inverted u-shape has been proposed for the relationship between the sensitivity and 

responsiveness to reward and markers of obesity [53, 54]. This is consistent with parallel 

associations between tonic DA levels and degree of obesity, if the reference BP in lean subjects 

is additionally taken into account (Fig. 5). Higher reward sensitivity in the overweight/mildly 

obese state would thus be associated with lower DA tone and higher phasic DA responses. On 

the contrary, higher tonic DA level with higher BMI would thus be associated with lower reward 

sensitivity, induced by a down-regulation of phasic DA responses. 
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Figure 5. Inverted U-shaped relationships in reward sensitivity and dopaminergic tone. Davis 

and Fox (a) as well as Dietrich, Federbusch and colleagues (b) reported a quadratic relationship 

between different measures of reward sensitivity and body mass index (BMI). The characteristics 

of this relationship match the here-proposed quadratic relationship between dopamine tone and 

BMI (c). Control: reference binding potential (BP) of lean groups. Light grey dot: study of 

Eisenstein and colleagues, who used a tracer that is not displaceable by endogenous dopamine. 

Labels refer to first author and year of publication of the respective study. 

 

Differential impact of tonic and phasic dopaminergic signals on reinforcement learning 

Reinforcement learning depends upon both positive and negative learning signals, the so-called 

prediction errors (PEs): positive PEs, i.e. when an outcome is better than expected, are paralleled 

by an increase in phasic DA levels. Negative PEs, i.e. signalling that an outcome is worse than 

expected and behaviour should subsequently be adapted, are paralleled by a dip in tonic 

dopaminergic firing rate [5]. Recently, it has been shown in healthy, normal-weight volunteers 

that learning from negative outcomes is associated in an inverted u-shaped manner with D2/D3 

receptor availability in the striatum [55]. As variation in D2/D3 receptor density is likely to be 

limited in healthy volunteers, availability may likewise have been dependent upon dopaminergic 

tone in this study. Thus, one might hypothesize that obesity-associated alterations in 

dopaminergic tone should be also paralleled by specific alterations in learning from positive and 

negative feedback with increasing degree of obesity. Indeed, this has been observed in different 

paradigms: Mathar and colleagues observed in moderately obese subjects a specific impairment 

in learning from negative PEs in a probabilistic classification paradigm while learning from 

positive PEs was unaffected (D Mathar, J Neumann, A Villringer A, A Horstmann, unpublished 

data). This impairment was paralleled by differences in functional connectivity between the 

ventral striatum and premotor and motor cortices. In line, Coppin and colleagues observed 

deficits in negative but not positive outcome learning when comparing moderately obese subjects 

to normal-weight control subjects [56]. 
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Cognition and dopamine 

Dopaminergic tone is important not only for reward and learning but also for performance in 

several cognitive domains, most prominently in tasks requiring working memory [57]. The 

influence of dopaminergic transmission on performance has been shown to be variable and is 

probably domain-specific. Early work has indicated an ‘inverted u-shaped’ function for working 

memory, i.e. that either too much or too little dopaminergic transmission in the PFC impaired 

working memory performance in rats [58]. Obesity has been associated with impairments in 

working memory [59, 60], although findings remain equivocal [60]. Interestingly, Coppin and 

colleagues [56] reported impairments in both overweight and obese subjects compared with 

normal-weight controls with a nominally more pronounced effect in overweight (mean BMI 

27.6 kg/m2) compared with mildly obese (mean BMI 36 kg/m2) subjects. These data might hint 

at a dynamic and quadratic relationship between degree of obesity and performance on a working 

memory task, possibly mediated by parallel changes in DA tone. Because of the inverted u-

shaped function for DA tone and working memory performance, both lower and higher DA tone 

would result in impairments in working memory. 

 

Recent work proposes several other dependencies between dopaminergic tone and performance 

in different cognitive domains [61]. For example, dopaminergic tone in the PFC has been 

suggested to be associated with cognitive flexibility [61]: a low tone is suggested to underpin 

heightened flexibility, while a high tone mediates lowered behavioural flexibility. Hence, 

following from our proposed model, behaviour in overweight and mild obesity should be 

characterized by increased flexibility, while severe obesity should be paralleled by a certain 

rigidity of behaviour. Indeed, in a lever-pressing task conducted on severely obese rats with 

restricted access to a palatable food, behavioural rigidity was induced and alleviated when a DA 

receptor antagonist was administered into the striatum [62]. Further, increasing levels of obesity 

were associated with heightened habitual responding in a classical sensory devaluation task in 

obese men [63]. Although it has been proposed that striatal and PFC DA tone are related in a 

reciprocal manner under normal conditions [64], this might no longer be the case in obesity. 

Thus, the balance between striatal and PFC signalling might be disturbed by a general increase in 

DA tone. 

 

Conclusion 

The assumption of non-linear changes in the general DA tone over the spectrum of overweight 

and obesity leads to the hypothesis that feedback-dependent behaviour, i.e. reactions to reward 

and punishment, as well as different domains of cognition may be differentially affected in 

different stages of developing obesity. Further, alterations of dopaminergic tone with increasing 

states of obesity might be regarded as disturbances of dopaminergic regulation rather than 
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deficits in DA transmission, comparable to conditions such as schizophrenia or affective 

disorders [13]. Overweight and mild obesity may be paralleled by a reduction in dopaminergic 

tone and associated exaggerated phasic DA responses in the striatum. Severe obesity, in contrast, 

may be characterized by an overall increased dopaminergic tone with associated blunted striatal 

DA burst firing. This should be taken into account when designing pharmacological therapies in 

obesity, e.g. targeting the dopaminergic system. Further, looking for quadratic associations in 

samples spanning mild to severely obese subjects might reveal compatible patterns in cognition. 

The failure to do so might have contributed to the lack of homogeneous associations between 

performance in several cognitive domains and obesity [60]. 

 

Conflict of interest statement 

No conflict of interest was declared. 

 

Acknowledgements 

We would like to thank Jane Neumann for her valuable input and critical comments on an earlier 

version of this manuscript. The work of AH, MKH and WKF is supported by the IFB Adiposity 

Diseases, Federal Ministry of Education and Research (BMBF), Germany, FKZ: 01E01001 

(http://www.bmbf.de). The work of AH is funded by the German Research Foundation (DFG) 

(http://www.dfg.de), within the framework of the CRC 1052 ‘Obesity Mechanisms’, project A5. 

 

References 

 

1 Stice E, Yokum S, Zald D, Dagher A. Dopamine-based reward circuitry responsivity, 

genetics, and overeating. Curr Top Behav Neurosci 2010; 6: 81–93. 

2 Floresco SB, West AR, Ash B, Moore H, Grace AA. Afferent modulation of 

dopamine neuron firing differentially regulates tonic and phasic dopamine 

transmission. Nat Neurosci 2003; 6: 968–973. 

3 Grace AA, Bunney BS. Paradoxical GABA excitation of nigral dopaminergic cells: 

indirect mediation through reticulata inhibitory neurons. Eur J Pharmacol 1979; 59: 

211–218. 

4 Schultz W, Apicella P, Ljungberg T. Responses of monkey dopamine neurons to 

reward and conditioned stimuli during successive steps of learning a delayed response 

task. J Neurosci 1993; 13: 900–913. 



17 
 

5 Schultz W, Dayan P, Montague PR. A neural substrate of prediction and reward. 

Science 1997; 275: 1593–1599. 

6 Schultz W. Getting formal with dopamine and reward. Neuron 2002; 36: 241–263. 

7 Grace AA. Phasic versus tonic dopamine release and the modulation of dopamine 

system responsivity: a hypothesis for the etiology of schizophrenia. Neuroscience 

1991; 41: 1–24. 

8 Goto Y, Otani S, Grace AA. The Yin and Yang of dopamine release: a new 

perspective. Neuropharmacology 2007; 53: 583–587. 

9 Budygin EA, Phillips PE, Robinson DL, Kennedy AP, Gainetdinov RR, Wightman 

RM. Effect of acute ethanol on striatal dopamine neurotransmission in ambulatory 

rats. J Pharmacol Exp Ther 2001; 297: 27–34. 

10 Cheer JF, Wassum KM, Heien MLAV, Phillips PEM, Wightman RM. Cannabinoids 

enhance subsecond dopamine release in the nucleus accumbens of awake rats. J 

Neurosci 2004; 24: 4393–4400. 

11 Richfield EK, Penney JB, Young AB. Anatomical and affinity state comparisons 

between dopamine D1 and D2 receptors in the rat central nervous system. 

Neuroscience 1989; 30: 767–777. 

12 Dyakonova VE, Chistopolsky IA, Dyakonova TL, Vorontsov DD, Sakharov DA. 

Direct and decarboxylation-dependent effects of neurotransmitter precursors on firing 

of isolated monoaminergic neurons. J Comp Physiol A Neuroethol Sensory, Neural, 

Behav Physiol 2009; 195: 515–527. 

13 Grace AA. The tonic/phasic model of dopamine system regulation: its relevance for 

understanding how stimulant abuse can alter basal ganglia function. Drug Alcohol 

Depend 1995; 37: 111–129. 

14 Luciana M, Wahlstrom D, Porter JN, Collins PF. Dopaminergic modulation of 

incentive motivation in adolescence: age-related changes in signaling, individual 

differences, and implications for the development of self-regulation. Dev Psychol 

2012; 48: 844–861. 

15 Brunelin J, Fecteau S, Suaud-Chagny M-F. Abnormal striatal dopamine transmission 

in schizophrenia. Curr Med Chem 2013; 20: 397–404. 

16 Tsai H-C, Zhang F, Adamantidis A et al. Phasic firing in dopaminergic neurons is 

sufficient for behavioral conditioning. Science 2009; 324: 1080–1084. 

17 Adamantidis AR, Tsai H-C, Boutrel B et al. Optogenetic interrogation of 

dopaminergic modulation of the multiple phases of reward-seeking behavior. J 

Neurosci 2011; 31: 10829–10835. 

18 Wise RA. Dual roles of dopamine in food and drug seeking: the drive-reward 

paradox. Biol Psychiatry 2013; 73: 819–826. 

19 Peciña S, Cagniard B, Berridge KC, Aldridge JW, Zhuang X. Hyperdopaminergic 

mutant mice have higher ‘wanting’ but not ‘liking’ for sweet rewards. J Neurosci 

2003; 23: 9395–9402. 



18 
 

20 Willuhn I, Wanat MJ, Clark JJ, Phillips PEM. Dopamine signaling in the nucleus 

accumbens of animals self-administering drugs of abuse. Curr Top Behav Neurosci 

2010; 2010: 29–71. 

21 Volkow ND, Wang GJ, Fischman MW et al. Relationship between subjective effects 

of cocaine and dopamine transporter occupancy. Nature 1997; 386: 827–830. 

22 Fowler JS, Volkow ND, Logan J et al. Fast uptake and long-lasting binding of 

methamphetamine in the human brain: comparison with cocaine. Neuroimage 2008; 

43: 756–763. 

23 Geiger BM, Haburcak M, Avena NM, Moyer MC, Hoebel BG, Pothos EN. Deficits 

of mesolimbic dopamine neurotransmission in rat dietary obesity. Neuroscience 2009; 

159: 1193–1199. 

24 Wang GJ, Tomasi D, Convit A et al. BMI modulates calorie-dependent dopamine 

changes in accumbens from glucose intake. PLoS ONE 2014; 9: 7–10. 

25 Frank GKW, Reynolds JR, Shott ME et al. Anorexia nervosa and obesity are 

associated with opposite brain reward response. Neuropsychopharmacology 2012; 37: 

2031–2046. 

26 Cone JJ, Chartoff EH, Potter DN, Ebner SR, Roitman MF. Prolonged high fat diet 

reduces dopamine reuptake without altering DAT gene expression. PLoS ONE 2013; 

8: e58251. 

27 Blum K, Sheridan PJ, Wood RC, Braverman ER, Chen TJ, Comings DE. Dopamine 

D2 receptor gene variants: association and linkage studies in impulsive-addictive-

compulsive behaviour. Pharmacogenetics 1995; 5: 121–141. 

28 Markianos M, Evangelopoulos ME, Koutsis G, Sfagos C. Elevated CSF serotonin and 

dopamine metabolite levels in overweight subjects. Obesity (Silver Spring) 2013; 21: 

1139–1142. 

29 Amin F, Davidson M, Davis KL. Homovanillic acid measurement in clinical 

research: a review of methodology. Schizophr Bull 1992; 18: 123–148. 

30 Popa M, Stefănescu AM, Dumitriu L, Simionescu L, Giurcăneanu M. The assessment 

of the dopaminergic tonus by urinary determinations of homovanillic acid (HVA) and 

dihydroxyphenylacetic acid (DOPAC) in normal, obese and GH-deficient short 

children. Endocrinologie 1988; 26: 211–220. 

31 Kaye WH, Frank GKW, McConaha C. Altered dopamine activity after recovery from 

restricting-type anorexia nervosa. Neuropsychopharmacology 1999; 21: 503–506. 

32 Åkefeldt A, Ekman R, Gillberg C, Månsson JE. Cerebrospinal fluid monoamines in 

Prader–Willi syndrome. Biol Psychiatry 1998; 44: 1321–1328. 

33 Narayanaswami V, Thompson AC, Cassis LA, Bardo MT, Dwoskin LP. Diet-induced 

obesity: dopamine transporter function, impulsivity and motivation. Int J Obes (Lond) 

2013; 37: 1095–1103. 

34 Thomsen G, Ziebell M, Jensen PS, da Cuhna-Bang S, Knudsen GM, Pinborg LH. No 

correlation between body mass index and striatal dopamine transporter availability in 



19 
 

healthy volunteers using SPECT and [(123) I]PE2I. Obesity (Silver Spring) 2013; 21: 

1803–1806. 

35 Van De Giessen E, Hesse S, Caan M et al. No association between striatal dopamine 

transporter binding and body mass index: a multi-center European study in healthy 

volunteers. Neuroimage 2013; 64: 61–67. 

36 Wang GJ, Volkow ND, Logan J et al. Brain dopamine and obesity. Lancet 2001; 357: 

354–357. 

37 de Weijer BA, van de Giessen E, van Amelsvoort TA et al. Lower striatal dopamine 

D2/3 receptor availability in obese compared with non-obese subjects. EJNMMI Res 

2011; 1: 37. 

38 Guo J, Simmons WK, Herscovitch P, Martin A, Hall KD. Striatal dopamine D2-like 

receptor correlation patterns with human obesity and opportunistic eating behavior. 

Mol Psychiatry 2014; 19: 1078–1084. 

39 Dunn JP, Kessler RM, Feurer ID et al. Relationship of dopamine type 2 receptor 

binding potential with fasting neuroendocrine hormones and insulin sensitivity in 

human obesity. Diabetes Care 2012; 35: 1105–1111. 

40 Eisenstein SA, Antenor-Dorsey JAV, Gredysa DM et al. A comparison of D2 

receptor specific binding in obese and normal-weight individuals using PET with (N-

[(11)C]methyl)benperidol. Synapse 2013; 67: 748–756. 

41 Karlsson HK, Tuominen L, Tuulari JJ et al. Obesity is associated with decreased mu-

opioid but unaltered dopamine D2 receptor availability in the brain. J Neurosci 2015; 

35: 3959–3965. 

42 Bailer UF, Frank GK, Price JC et al. Interaction between serotonin transporter and 

dopamine D2/D3 receptor radioligand measures is associated with harm avoidant 

symptoms in anorexia and bulimia nervosa. Psychiatry Res 2013; 211: 160–168. 

43 Small DM, Jones-Gotman M, Dagher A. Feeding-induced dopamine release in dorsal 

striatum correlates with meal pleasantness ratings in healthy human volunteers. 

Neuroimage 2003; 19: 1709–1715. 

44 Missale C, Nash SR, Robinson SW, Jaber M, Caron MG. Dopamine receptors: from 

structure to function. Physiol Rev 1998; 78: 189–225. 

45 Abizaid A, Liu Z-W, Andrews ZB et al. Ghrelin modulates the activity and synaptic 

input organization of midbrain dopamine neurons while promoting appetite. J Clin 

Invest 2006; 116: 3229–3239. 

46 Jerlhag E, Egecioglu E, Dickson SL, Douhan A, Svensson L, Engel JA. Ghrelin 

administration into tegmental areas stimulates locomotor activity and increases 

extracellular concentration of dopamine in the nucleus accumbens. Addict Biol 2007; 

12: 6–16. 

47 Cone JJ, McCutcheon JE, Roitman MF. Ghrelin acts as an interface between 

physiological state and phasic dopamine signaling. J Neurosci 2014; 34: 4905–4913. 



20 
 

48 Cosgrove KP, Veldhuizen MG, Sandiego CM, Morris ED, Small DM. Opposing 

relationships of BMI with BOLD and dopamine D2/3 receptor binding potential in 

the dorsal striatum. Synapse 2015; 69: 195–202. 

49 Kessler RM, Zald DH, Ansari MS, Li R, Cowan RL. Changes in dopamine release 

and dopamine D2/3 receptor levels with the development of mild obesity. Synapse 

2014; 68: 317–320. 

50 Hommel JD, Trinko R, Sears RM et al. Leptin receptor signaling in midbrain 

dopamine neurons regulates feeding. Neuron 2006; 51: 801–810. 

51 Krügel U, Schraft T, Kittner H, Kiess W, Illes P. Basal and feeding-evoked dopamine 

release in the rat nucleus accumbens is depressed by leptin. Eur J Pharmacol 2003; 

482: 185–187. 

52 Tolboom N, Berendse HW, Leysen JE et al. The dopamine stabilizer (−)-OSU6162 

occupies a subpopulation of striatal dopamine D2/D3 receptors: an [(11)C]raclopride 

PET study in healthy human subjects. Neuropsychopharmacology 2015; 40: 472–479. 

53 Davis C, Fox J. Sensitivity to reward and body mass index (BMI): evidence for a 

non-linear relationship. Appetite 2008; 50: 43–49. 

54 Dietrich A, Federbusch MG, Grellmann C, Villringer A, Horstmann A. Body weight 

status, eating behavior, sensitivity to reward/punishment, and gender: relationships 

and interdependencies. Front Psychol 2014; 5: 1–13. 

55 Cox SML, Frank MJ, Larcher K et al. Striatal D1 and D2 signaling differentially 

predict learning from positive and negative outcomes. Neuroimage 2015; 109: 95–

101. 

56 Coppin G, Nolan-Poupart S, Jones-Gotman M, Small DM. Working memory and 

reward association learning impairments in obesity. Neuropsychologia 2014; 65: 

146–155. 

57 Sawaguchi T, Goldman-Rakic PS. D1 dopamine receptors in prefrontal cortex: 

involvement in working memory. Science 1991; 251: 947–950. 

58 Zahrt J, Taylor JR, Mathew RG, Arnsten AF. Supranormal stimulation of D1 

dopamine receptors in the rodent prefrontal cortex impairs spatial working memory 

performance. J Neurosci 1997; 17: 8528–8535. 

59 Van den Berg E, Kloppenborg RP, Kessels RPC, Kappelle LJ, Biessels GJ. Type 2 

diabetes mellitus, hypertension, dyslipidemia and obesity: a systematic comparison of 

their impact on cognition. Biochim Biophys Acta 2009; 1792: 470–481. 

60 Fitzpatrick S, Gilbert S, Serpell L. Systematic review: are overweight and obese 

individuals impaired on behavioural tasks of executive functioning? Neuropsychol 

Rev 2013; 23: 138–156. 

61 Floresco SB. Prefrontal dopamine and behavioral flexibility: shifting from an 

‘inverted-U’ toward a family of functions. Front Neurosci 2013; 7: 62. 



21 
 

62 Furlong TM, Jayaweera HK, Balleine BW, Corbit LH. Binge-like consumption of a 

palatable food accelerates habitual control of behavior and is dependent on activation 

of the dorsolateral striatum. J Neurosci 2014; 34: 5012–5022. 

63 Horstmann A, Dietrich A, Mathar D, Pössel M, Villringer A, Neumann J. Slave to 

habit? Obesity is associated with decreased behavioural sensitivity to reward 

devaluation. Appetite 2015; 87: 175–183. 

64 Cools R, D'Esposito M. Inverted-U-shaped dopamine actions on human working 

memory and cognitive control. Biol Psychiatry 2011; 69: e113–e125. 

 


