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Abstract

1,234

Purpose of Review Animal and human studies suggest that diet-induced obesity and plasticity in the central dopaminergic system
are linked. However, it is unclear whether observed changes depend on diet or obesity, and whether they are specific to brain
regions and cognitive functions. Here, we focus on neural and cognitive changes in frontostriatal circuits.

Recent Findings Both diet and obesity affect dopaminergic transmission. However, site and direction of effects are inconsistent
across species and studies. Non-specific changes are observed spanning all frontostriatal loops, from sensory input to motivated
behaviour. Given the impact of peripheral signals on central dopaminergic signalling and the interaction between the
frontostriatal loops, modulation of dopamine likely propagates through all loops and, thus, affects behaviour on various levels

of complexity.

Summary To improve convergence between animal and human studies on diet-induced obesity, animal studies should include
sophisticated cognitive measures and diets resembling human obesogenic diets, and human studies should adopt diet interven-

tions and longitudinal designs.

Keywords Obesity - Dopamine - Diet - Frontostriatal loops

Introduction

Obesity has been associated with prominent changes in
dopamine transmission [1-3] and cognitive domains that
are crucial for adaptive behaviour, such as motivation,
decision-making, reinforcement learning and working
memory [4-9]. Importantly, food-related but also gener-
al non-food-related cognitive differences have been
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recently highlighted in obesity [10-16]. However, ani-
mal studies contributed to the understanding that
obesogenic diet, rather than adiposity itself, actually
causes observed differences in dopamine transmission
[17, 18, 19-21].

Excellent obesity-related reviews have focused on either
DA transmission [22], or cognition with little or no emphasis
on the relation with dopamine [7, 11, 15]. Others have argued
for dopamine-mediated cognitive changes in obesity [1-3, 8,
9, 23-27] paralleling findings from addiction research, with
controversial opinions towards the existence of food addiction
[22, 23, 28-31]. Here, we argue for a more detailed assess-
ment on the relationship between dopamine and the variety of
possibly dopamine-mediated cognitive changes in obesity.

Some reviews suggested a major role of reward function in
obesity, which resonates well with abundant evidence for
striatal dopamine alterations in both animals and humans.
Others have argued for a deficit that is predominantly mediat-
ed by the prefrontal cortex (PFC) (e.g. [10, 32]), which is not
well investigated regarding a direct link to the dopaminergic
system yet. Both perspectives might mirror different angles of
the same changes as dense anatomical connections exist
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between frontal and striatal regions. These connections are
organised in functionally relevant frontostriatal loops that
are strongly modulated by dopamine. This makes it important
to examine the cognitive literature in obesity in the light of
these frontostriatal loops.

Here, we will address the following open questions: First,
do findings from animal and human studies on dopamine
changes converge, given the different methodologies avail-
able to study the dopaminergic system in these species?
Second, does a comprehensive picture emerge regarding ma-
jor obesity-related cognitive differences and their possible as-
sociation with frontostriatal loops? Third, can these differ-
ences be regarded as global, i.e. affecting several cognitive
domains, or are they specific to, e.g. the food context?
Fourth, to what extent are diet-induced dopamine differences
responsible for the observed differences in cognitive domains?
And fifth, what are candidate mechanistic links between diet
and central dopamine?

In this review, we will summarise recent findings of obesity
and diet-related differences in dopamine transmission, in par-
ticular in the striatum, from human and animal studies. We
will then describe the different frontostriatal loops, followed
by an evaluation of obesity-related differences in the sensory
input to this circuit. Finally, we will discuss the neurocognitive
profile of obesity within the theoretical framework of
frontostriatal loops. We will point out major gaps in the liter-
ature, as well as challenges that need to be overcome in order
to get at the heart of the role of dopamine in diet-induced
obesity.

Obesity and Diet-Related Dopamine
Differences

In humans, structural changes in the dopamine system
can be imaged most directly with positron emission to-
mography (PET) using radioactively labeled ligands that
bind to a specific substrate. Such studies have revealed
obesity-related differences, in particular related to D2-
receptor (D2R) (Appendix Table 1). D2R binding has
been found to correlate positively to BMI in normal-
weight to obese individuals in several studies [49, 52,
94], but not in others [57, 59, 71]. In the latter study,
dopamine release did correlate positively with BMI in
putamen and substantia nigra [59]. Another PET study
revealed a positive relationship with BMI in the dorsal
and lateral striatum, whereas a negative relationship was
observed in the ventral striatum [53]. These, together
with other inconsistent results concerning D2R binding
in human obesity, have been proposed to reflect a qua-
dratic relationship between severity of obesity and
striatal D2R availability, or rather a U-shaped relation-
ship with dopamine tone [2]. The idea of lower tone in
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overweight to mildly obese individuals is supported by
a recent [18F] DOPA PET study [62¢]. However, striatal
dopamine transporter (DAT) binding as measured with
single-photon emission computed tomography (SPECT)
did not relate to BMI in a sample of normal-weight to
severely obese participants [95], nor to self-reported ad
libitum food intake in normal-weight participants [90-].
Importantly, due to the cross-sectional design of most
human studies, it is debated whether or not the ob-
served differences in dopamine transmission in humans
are cause or consequence of obesity.

Rodent models allow for the investigation of more causal
links between obesity and dopamine transmission and have
begun to disentangle the effects of an obesogenic diet from
adiposity. Short-term and chronic high fat diets (HFDs) as
well as diet-induced obesity were shown to reduce D2R-
mRNA and protein expression levels ([96—99], but see
[100]) (Table 2). An elegant study suggests that diet-induced
obesity may be the cause rather than the result of reduced D2R
availability [18¢¢]. The authors found decreased striatal D2R
binding after a chronic HFD, despite unchanged D2R-mRNA
or protein levels, which could be explained by receptor
internalisation. D2R binding also did not predict weight gain,
nor did deletion of D2Rs in striatal neurons increase risk for
obesity. Overexpression of striatal D2Rs in development has
been shown to causally relate to diet-induced obesity through
its effect on energy expenditure and thermogenesis [103].
Effects of sugar on the dopamine system have also been ob-
served, although the findings diverge. One study showed in-
creased D2R-mRNA expression and decreased D2R-protein
levels in the nucleus accumbens [104], whereas others found
the opposite for the striatum as a whole [100]. This may be
due to the specific striatal regions under study or the diet
composition (for more details on diet composition and dura-
tion, see Appendix Table 2). Moreover, chronic HFD may also
lead to reduced DIR-mRNA in the rat striatum ([97, 101], but
see [18¢¢, 105]) depending on diet composition [106]. One
study showed reduced DIR signalling when a diet high in
saturated, but not monounsaturated fats (palm oil vs. olive
oil), was administered [101]. Finally, diet-related changes in
dopamine synthesis [108], release [59, 102, 105] and uptake
(DAT) [98, 99] have been observed.

In sum, excessive weight and chronic exposure to an
obesogenic diet has been associated with changes in
striatal dopamine transmission in humans and rodents,
in particular related to D2Rs. The wide variety of ob-
served diet-induced dopamine changes described above
suggests a complex interplay between obesogenic diet
and the different parts of the dopamine pathway.
Future research is required to get a clearer picture of
diet-induced dopamine changes in both obese and non-
obese individuals and to unravel the mechanisms
through which an obesogenic diet exerts its action on
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the dopamine system (see Box 1 for potential mechanis-  intervention studies should be more carefully designed in
tic links). To translate findings from animal studies to human  terms of composition and duration to mimic human
studies, it is crucial to increase convergence between the two  obesogenic diets. Finally, a recent review emphasises the im-
fields. First, human studies with dietary interventions and do-  portance of the element of dietary choice in modelling the
pamine measurements are needed. Second, diets in animal  characteristics of human diet-induced obesity [109].

Metabolic factors interacting with dopamine

Endogenous homeostatic hormones, nutrients from the bloodstream such as triglycerides and inflammatory factors connect dopamine and obesity.
They are related to adipose tissue and obesity and can also affect mesolimbic brain structures and thus dopamine-mediated cognitive function and
reward processes. Below, examples are discussed of how insulin, leptin, ghrelin and inflammation factors may interact with dopamine, without
aiming to be comprehensive. The reader is referred to recent reviews on nutritional lipids [110, 111], homeostatic and hedonic influencers on diet
and obesity [112] and mechanisms of obesity-induced inflammation [113] for further information.

Insulin, Leptin and Ghrelin

In the healthy individual, various hormones are secreted into the bloodstream according to nutrient levels, satiation and nutritional state. Insulin is
postprandially released from pancreatic {3 cells, promotes glucose utilisation and an anabolic metabolism and suppresses appetite centrally. Leptin is
synthesised and stored in adipocytes in proportion to fat mass and adipocyte size [114, 115]. In obesity, insulin and leptin are often elevated (e.g. [116]), while
(central) sensitivity to them is impaired [115]. Ghrelin, a gastric peptide, promotes food intake, is secreted in the fasting state and suppressed postprandially
[117] in proportion to calorie content of the meal [119]. Fasting levels of the active form, acyl ghrelin, are often lower in obesity and eating disorders [118, 119],
and levels decrease less after meals [118, 120]. Impaired insulin sensitivity might mediate this effect, independent of BMI [121].

For homeostatic functions, as well as regulation of food intake, the ability of insulin, leptin and ghrelin to cross the blood—brain barrier and
bind to hypothalamic receptors is crucial [122]. Also, neurons in dopaminergic areas, e.g. ventral tegmental area (VTA), express receptors for
leptin, insulin [123] and ghrelin [117, 124] thereby allowing for modulation of dopamine signalling. For instance, insulin-receptor binding in
VTA reduced dopamine release in nucleus accumbens and induced long-term depression of excitatory synapses in rodents [125], which was
proposed to explain previous findings of insulin-mediated inhibition of feeding and food seeking. Another link between insulin and dopamine
exists in striatal insulin-receptor expressing interneurons that have been shown to modulate dopamine release in response to insulin
stimulation [126]. Furthermore, peripheral insulin sensitivity correlated positively with dopamine levels in ventral striatum in human
non-obese individuals [48] and, in line with that, negatively with D2R binding in obese participants [116]. Higher D2R binding may in fact
reflect reduced dopamine levels. Insulin sensitivity may thus mediate obesity-related alterations in striatal dopamine levels. For a more
detailed overview of insulin action in the human brain, see [127].

In addition, leptin can mediate effects of obesity on dopamine transmission (or vice versa). Leptin was found to correlate positively with BMI, as well
as with D2R binding in the ventral striatum and caudate nucleus, again interpreted as reduced dopamine levels [116]. Only minutes after
administration, leptin attenuated reactivity of VTA neurons to food cues [128]. In addition to a direct influence on the VTA, leptin can affect
motivation for feeding via hypothalamic control over VTA [129¢]. In contrast to leptin, ghrelin is associated with lower D2R binding in the ventral
striatum, caudate nucleus and putamen and, in the fasting state, plays an important role in food reward sensitivity by modulating dopamine tone [116].

Inflammation Factors

Adipose tissue, notably macrophages, can secrete inflammatory cytokines, such as interleukin 6 (IL-6) or tumor necrosis factor alpha
(TNF-x) [130]. As a result, chronic low-grade inflammatory state is often observed in obesity. Inflammation can lead to insulin resistance
and diabetes [131], as well as dopamine changes, suggesting the possibility of a (causal) connection between inflammation and dopamine
changes in obesity.

In humans, several studies investigated the effect of experimentally induced inflammation on striatal brain structures. In healthy participants, a
reduction in ventral striatal activity during reward learning was observed following an increase of IL-6 [132, 133]. This led to lower reward and higher
punishment sensitivity [133]. Furthermore, experimentally induced transient inflammation (IL-6, IL-8, TNF-«) was shown to enhance
methylphenidate-induced dopamine release in the dorsal striatum (i.e. caudate nucleus and putamen) [134]. This supraphysiologic dopamine
elevation due to inflammation might lead to reduced inhibitory control resulting in higher responsiveness to potentially addictive stimuli. For an
excellent review of the role of dopamine in inflammation effects on motivation and motor function in clinical and non-clinical individuals, see [135].
Inflammation can also be affected by the above-mentioned metabolic factors and, as such, influence dopamine. Dysregulated metabolic factors might
therefore sustain the inflammatory state observed in obesity. Leptin is considered a pro-inflammatory cytokine and increases in response to systemic
inflammation and TNF-« [115]. Ghrelin has been shown to instead suppress pro-inflammatory cytokines in human monocytes and T cells
[136].

Finally, dopamine may also act on metabolic and inflammatory factors, with possibly differential effects depending on receptor types and tissues.
Adipocytes express D2Rs, and stimulation with quinpirole (D2R agonist) in rodents elicited increased expression of leptin and IL-6 in these cells
[137], which counteracts the effect of dopamine. In a rat study, bromocriptine (D2R agonist) exerted a positive effect on metabolic syndrome
parameters [138].

In summary, the relationship between insulin, leptin, ghrelin and dopamine is complex. It strongly depends on caloric state, time-scale (acute vs.
chronic) and involves multiple mechanisms rather than one simplistic regulatory circuit. Furthermore, inflammation factors may interact with
dopamine, metabolic factors or both.
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Frontostriatal Loops

The striatum shares major connections with regions in
the frontal cortex that are strongly modulated by dopa-
mine and subserve adaptive behaviour. Across species,
frontostriatal connections are organised in anatomically
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and functionally segregated loops [139-142] (Fig. 1).
These loops are often grouped into three functionally
relevant categories: (1) the affective loop between the
ventromedial prefrontal cortex/orbitofrontal cortex
(vmPFC/OFC) and nucleus accumbens (NAc) in the
ventral striatum is important for motivational control,
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Fig. 1 Schematic overview of the frontostriatal circuit and their
relationship with external and internal signals as discussed in the main
text. Striato-nigro-striatal connections that can serve as the interface
between the loops are also displayed. The affective loop (red) consists
of connections between vmPFC/OFC and NAc and is predominantly
modulated by dopamine projections from VTA, the cognitive loop
(yellow) of connections between dIPFC and CN/aPUT and is
modulated by dopamine projections from VTA and SN, and the motor
loop of connections between PMC/M1 and pPUT and is predominantly
modulated by dopamine projections from SN. The color gradient between
the loops reflects the shared connections that enable cross-talk between all
loops. Dopamine projections are highlighted by thick grey arrows.
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VTA

Substantia nigra
Ventral Tegmental Area

External signals that affect the frontostriatal circuit in the context of
food include visual, olfactory and gustatory sensory signals (left panel,
in blue). Adaptations in sensory sensitivity (left white arrows) and
subsequent processing, or cue reactivity (right white arrows), have been
associated with obesity. Important internal signals that can affect the
circuit include nutrients, inflammatory factors, and hormones such as
leptin, insulin and ghrelin (right panel, in red). Adaptations in leptin,
insulin and active ghrelin (in fasting state) have been observed in
obesity, as well as in central sensitivity to these hormones (white
arrows). Leptin, insulin and ghrelin can modulate the frontostriatal
circuit through action on receptors in striatum, in VTA directly, or
indirectly via hypothalamic control of VTA
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(2) the cognitive loop between the dorsolateral prefron-
tal cortex (dIPFC) and caudate nucleus (CN) and ante-
rior putamen (aPUT) in the dorsomedial striatum is
important for cognitive control and (3) the motor loop
between the (pre) motor cortex (PMC/M1) and poste-
rior putamen (pPUT) in the dorsolateral striatum is
important for motor control. The loops also share sub-
stantial connections to enable information transfer
from ventromedial to dorsolateral loops [141-143].
The different striatal regions may, in addition, receive
input from prefrontal areas outside of their loop as was
recently shown in a primate study [143], enabling
cross-talk between all loops.

Dopamine-dependent plasticity is thought to underlie
reward-based learning in all loops [141], although do-
pamine has also been proposed as the interface between
the loops through the striato-nigro-striatal connections
[142]. As reviewed above, obesity- and diet-related
changes in dopamine have been consistently shown in
the ventral and dorsal striatum. However, dopamine is
suggested to not only modulate learning and motivated
behaviour through its effect on striatal output, but also
by its effect on input coming from the PFC or sensory
regions, as discussed next. Evidence of obesity-related
dopamine changes in PFC is scarce, due to difficulty
imaging prefrontal dopamine (but see a new PET devel-
opment by [144, 145+]) and due to the ongoing debate
on what are the rodent homologues of the prefrontal
cortex [146].

Dopamine Modulation of Sensory Inputs

Dopamine modulates sensory perception and processing
[43e, 91, 92]. Since sensory perception, in particular
visual, gustatory and olfactory perception, influences
when, how much and what we eat [147, 148], dopamine
might play a key role in influencing food choice via this
route as well.

There is solid evidence that obesity is accompanied
with alterations in especially the gustatory and olfacto-
ry systems. However, as the results are contradictory,
the direction and interpretation of this relationship re-
mains unclear. For instance, some researchers show
higher gustatory sensitivity [38, 149]; others lower gus-
tatory sensitivity or no difference in obese when com-
pared to normal-weight individuals [39, 150, 151].
Similarly, it has been shown that obese participants
had higher [152] or lower olfactory sensitivity [36, 37].

Of note, the olfactory and dopamine systems are
highly interconnected and are therefore of particular

interest in the context of eating behaviour and obesity.
It has been shown that food odour perception activates
dopaminergic brain regions in a human fMRI study
[93]. Moreover, dopamine neurons have been detected
in the olfactory bulb [153] and a reduction of dopamine
neurons induced olfactory impairment in an animal
model [154]. Greater availability of DATs in the cau-
date nucleus and putamen, as measured with SPECT in
healthy human individuals, has been associated with
higher olfactory performance [92]. Interestingly, one
study found evidence of decreased dopamine uptake in
the caudate nucleus in Parkinson’s disease (PD) patients
with and without olfactory impairments [89]. Although
PD patients constitute a particular clinical group, the
results support the link between dopamine function
and olfactory perception.

Beyond affecting perceptual aspects in sensory sys-
tems, dopamine modulation of sensory signals may also
serve as adjusting the sensory input for the affective
frontostriatal loop. As such, dopamine can affect
higher-order processing of sensory input, such as he-
donic value of, and cue reactivity to visual, gustatory
and olfactory input. It has been shown that obese com-
pared to normal-weight individuals perceive food
odours as more pleasant [152] and have a higher food
cue reactivity in response to food pictures [155] and
odours [44]. There is solid evidence that increased
physiological (e.g. salivation, skin conductance, neural
activation) and craving responses to food-related stim-
uli are associated with both food consumption and body
weight [138]. Such food stimuli also potently activate
the brain’s reward system, i.e. the striatum and PFC
value areas [23, 25, 26, 93].

In conclusion, dopamine can modulate sensory input
and the subsequent processing of sensory information.
While enhanced reactivity of the limbic system to vi-
sual and olfactory food cues, which is likely mediated
by dopamine, is quite well established in obesity, gen-
eral differences in sensory sensitivity require further
investigation. Whether a diet high in fat and sugar
leads to similar changes through its effects on dopa-
mine, independent of obesity or only as a result of
excessive adiposity and the associated metabolic
changes (Box 1), is an open question for future
investigation.

Neurocognitive Profile of Obesity

Apart from distinct reactions to food and food cues,
obesity has been associated with a wide variety of
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higher-order neurocognitive differences that crucially
rely on dopamine action in all parts of the frontostriatal
loops [1, 9] (Table 1). In specific tasks, impairments in
executive skills including attention, (working) memory
and learning [10—16] are consistently shown in obesity.
In addition, reductions in cognitive flexibility [7] and
increases in several types of impulsivity [156—159]
seem to characterise obesity. Such general cognitive
features are likely the roots that feed maladaptive
decision-making in a food context.

Food Reward Responses and General Reinforcement
Learning

When it comes to reward processing of food and
non-food stimuli, brain regions associated with the
affective loop, i.e. NAc and mPFC/OFC, are particu-
larly involved [160], and activation patterns in these
regions can depend on metabolic state [161].
As discussed above, enhanced reactivity to sensory
food cues is typically observed in obesity. In simple
reaction tasks where (often hypothetical) food rewards
are anticipated, enhanced activation in the affective
loop is observed in obesity [70], which may be
mediated by decreases in leptin and insulin sensitivity
(see also Box 1). When a food reward is received,
however, hypoactivation is often reported (e.g.
[8, 25]). Interestingly, Kroemer and Small [8] elegant-
ly show how obesity-related hypoactivation of
reward regions in response to reward receipt may be
explained by impairments in general reinforcement
learning, similar as proposed for substance addiction
[162].

Reward-related learning within the frontostriatal
loops critically relies on dopamine-dependent plastic-
ity [141], which may go beyond reward learning and
extends to associative learning ([161], preprint). The
reinterpretation of the findings in a learning frame-
work supports the idea that obesity is related to gen-
eral rather than food-specific differences, and dove-
tails with the widespread role of dopamine in motiva-
tion, cognition and behaviour. General reinforcement
learning differences in obesity, be it impairments [5,
6, 58, 61, 74] or improvements ([4], Kube et al., un-
der revision), are indeed suggested based on evidence
from non-food and food-related reinforcement learning
tasks. Difficulties with integrating negative feedback
may be central to observed impairments [5, 6, 58],
which could result in insensitivity to the negative
consequences associated with obesity.
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Food-Related Attentional Bias and Craving

What happens once food-related stimuli have been
registered and led to initially enhanced responses in
terms of activation of affective frontostriatal regions,
invoking craving, or attracting attention? In case no
food is actually available or you are trying to break a
habit of giving into temptations, disengaging your at-
tention or regulation of craving may be necessary.
Obese individuals show an enhanced attentional bias
to food cues across different experimental paradigms
and measures ([6, 58, 61, 74], but see [163]), which
may be due to difficulty disengaging from such stim-
uli. Food attentional bias has been linked to striatal
DAT binding, although no relationship was observed
between DAT binding and craving or ad libitum food
intake [90°]. Furthermore, glucose intake enhanced at-
tentional food bias in obesity [41] and intra-individual
variability in a similar bias measure was stronger in
obesity [64], supporting the dynamic nature of atten-
tional bias [164¢]. Food attentional bias can be atten-
uated by cognitive factors such as a healthy mindset
[87], which emphasises the importance of cross-talk
between the frontostriatal loops. Regulation of craving
has been associated with differential activation in the
putamen and functional connectivity between the pu-
tamen and dIPFC [50], also spanning the loops.

Self-Control and Cost-Benefit Decision-Making

What if food is available? Then self-control may be
needed, which again requires cross-talk between the af-
fective and cognitive loops. Exercising self-control in a
food choice task involved dIPFC activity in dieting hu-
man participants, which correlated with vmPFC activity
[86]. In a similar task, Medic and colleagues [67] found
no evidence for a difference in vmPFC activity for
overweight to severely obese participants, whereas
vmPFC activity did predict subsequent consumption
of, particularly, unhealthy foods at a buffet. At the level
of the striatum, reduced NAc food cue reactivity was
also associated with successful self-control of eating
behaviour in daily life in dieting female students, as
measured with experience sampling [165]. Experience
sampling is a promising method that can be used in
obesity research to link neurocognitive findings to mal-
adaptive decisions in daily life. The right food choice
always depends on your current state and situation, but
also on possibly conflicting internal goals. Decreased
goal-directed control of behaviour in a food context
has also been associated with obesity [54, 55].



Curr Addict Rep (2019) 6:229-257

235

Food often comes at a cost, which requires
weighing your options. Obese individuals may be less
willing to, first, pay money for plain than highly pal-
atable food items [73]; second, exert effort to obtain
food or monetary rewards [66, 166]; and third, wait
for a larger reward if a smaller immediate reward is
offered simultaneously, as consistently observed in
delay discounting tasks ([167—170], but see [51°]).
Willingness to exert effort relies on regions in the
affective loop and is particularly interesting because
of its link to dopamine [171, 172] as well as low-
grade systemic inflammation [173], which is highly
prevalent in obesity (see Box 1). A recent PET study
using a highly specific D2 tracer [51°¢] together with
measures of insulin sensitivity revealed no difference
in willingness to wait (nor striatal D2R -binding) in
obese relative to non-obese participants. However,
greater D2R availability in obese was associated with
less willingness to wait and reduced insulin sensitivi-
ty. This raises the questions whether and how striatal
D2R binding and metabolic factors interact to affect
temporal discounting in obesity. In another study,
lower willingness to wait (i.e. steeper temporal
discounting) was associated with reduced dIPFC-
vmPFC connectivity in obesity [169] and may thus
rely on cross-talk between the affective and cognitive
loop. Interestingly, thinking about how the larger later
rewards can be used (i.e. future thinking) has been
effective in reducing temporal discounting and food
intake in obesity [174-179] and involves cognitive
control areas ACC and dIPFC, as well as mPFC-
hippocampus interaction [180, 181]. Of note, diet ef-
fects have been consistently shown in the hippocam-
pus [11].

Behavioural Control and Action Inhibition

It can also occur that an action has already been ini-
tiated upon perceiving a palatable food stimulus. The
decision to stop such a response can happen at the
level of behavioural control in the cognitive loop, or
gating of motor responses. Investigations of response
inhibition, tapping into the latter, revealed small
obesity-related differences [45]. However, in a resting
state fMRI study, disruption was observed in
motorcortico-striatal networks in obesity consistent
with habit formation theories [182]. More evident re-
sults have been observed using the go/no-go task,
which indicated impaired performance in obesity
[183]. A behavioural intervention that trained no-go
responding to high-calorie food cues led to

devaluation of those items in normal-weight [184,
185] and in morbidly obese participants [34, 186],
as well as impulsive food choices in normal-weight
individuals [184, 185]. The authors have proposed
that training acts bottom-up by creating associations
between no-go food items and stopping responses
and reducing valuation of no-go food items (in the
affective loop) [187]. A similar mechanism may ex-
plain a reduction of food intake in uncontrolled eaters
after inhibitory control training [82] and of approach
bias to unhealthy food cues in obesity after training
automated action tendencies [42, 188].

In sum, obesity-related differences are predomi-
nantly observed in the affective and cognitive
frontostriatal loops. A simple explanation could be
that studies on motor gating or learning are lacking.
Many of the neurocognitive constructs investigated in
obesity rely on cross-talk between the loops. Studies
implementing tasks that specifically investigate the
interplay between the different loops may help us fur-
ther. Also, more convergence in the use of experimen-
tal stimuli and task parameters in food-related neuro-
imaging is needed (as argued by [181]), and there is a
need of inclusion of a wider BMI range in obesity
studies (see Table 1). However, a more mechanistic
explanation is also plausible. That is, the more ventral
and medial parts of the frontostriatal circuits may be
particularly vulnerable for the effects of diet and
adiposity-related metabolic factors in the bloodstream.
It is important to better understand the mechanism of
the cross-talk between loops. That is, where in the
loops can interaction occur (e.g. is the motivational
signal from the affective loop to higher-order cogni-
tive loop, or can the cognitive loop affect the state of
the affective loop?) and at what point in the process
can maladaptive decisions be prevented from being
made?

Conclusion

Both diet and obesity affect dopaminergic transmis-
sion. However, site and direction of effects are incon-
sistent across species and studies. Non-specific chang-
es are observed spanning all frontostriatal loops, from
sensory input to motivated behaviour. Given the im-
pact of peripheral signals on central dopaminergic sig-
nalling and the interaction between the frontostriatal
loops, modulation of dopamine likely propagates
through all loops and, thus, affects behaviour on var-
ious levels of complexity. In line with [112], we
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highlight in Box 1 that homeostatic factors have di-
rect access to hedonic systems via dopaminergic mod-
ulation, indicating that these can be highly interde-
pendent, going against the historical, dichotomous
concept of homeostatic vs. hedonic control over eat-
ing behaviour. However, in this review, we mostly
focused on the hedonic system. Interactions between
the hypothalamus and the frontostriatal circuits re-
quire further investigation.

Despite the wealth of literature, it has proven dif-
ficult to evaluate the degree of convergence of find-
ings between animal and human studies on the role of
dopamine in diet-induced obesity. The main reason is
the lack of studies utilising overlapping measures of
dopamine and cognition in both species. Human stud-
ies are largely observational in nature and lack direct
measures of dopaminergic transmission. As such,
there is a great need for diet intervention studies,
more longitudinal studies [13] and mechanistic studies
on the relationship between dopamine and the ob-
served neurocognitive differences, preferably linked
to metabolic factors as discussed in Box 1. Further,
although some attempts have been made [109], the
usage of animal diets that do not closely resemble
human obesogenic diets limits comparability of the
effects of diet exposure, and higher-order cognition
is often not studied in relation to diet-induced dopa-
mine changes.

Due to the narrow scope of the current review,
some aspects should be highlighted that were not di-
rectly addressed but are likely of high relevance for
understanding diet-induced obesity. First, this review
dealt with the relationship between diet-induced obe-
sity, cognition and dopamine transmission. Although
playing a central role in motivation and cognition,
dopamine is not the only neurotransmitter involved.
In fact, dopamine interacts closely with other systems
such as the opioid, serotonin and noradrenergic sys-
tem [57, 71, 189, 190]. A relationship to obesity has
been demonstrated for all of them. Second, most hu-
man research is cross-sectional in nature. In addiction,
the existence of subsequent behavioural phases has
been proposed, leading from incentive-guided towards
compulsive behaviour with accompanying central
changes that indicate a transition of changes from
ventromedial to dorsolateral frontostriatal loops
[191]. Here, we cannot tell whether group differences
similarly relate to a transition-in-progress or resemble
an endpoint (although a vicious cycle model has been
proposed by [11]). We do not even know whether or
not overweight people are prone to obesity or

@ Springer

represent a special “subpopulation”. This transitional
aspect could be addressed in animal studies that lon-
gitudinally monitor changes following diet exposure
or obesity induction. It would also be of interest to
take into account the severity of obesity and the in-
dividual history of being obese in human studies.
Moreover, inconsistent results in the literature could
be related to not assessing important latent variables
such as the genetic background or possible epigenetic
edits induced by lifestyle or family history. Although
common variation in dopaminergic genes seems not to
have a direct relationship to obesity [24], its relation
to cognition is well established. Thus, ignoring this
information may lead to either false positives or neg-
atives assigned to the obesity factor.

Finally, an intriguing open question that deserves
attention in future research is whether or not the
changes that are observed in diet-induced obesity are
really maladaptive in nature. Whereas physiological,
behavioural and neural differences are often
interpreted as maladaptive, it may be that some actu-
ally reflect functional adaptations that could be bene-
ficial either at the individual or population level. This
would call for a more nuanced interpretation of any
obesity-related differences.

Acknowledgements The authors would like to thank Maria Kobel,
Eileen Lashani, Suse Prejawa and Robert Scholz for valuable input to
the manuscript.

Funding Open access funding provided by Max Planck Institute for
Human Cognitive and Brain Sciences. This work was funded by the
Deutsche Forschungsgemeinschaft, SFB1052: AS (to AH, FR, HH) and
the Federal Ministry of Education and Research (BMBF), Germany, in
the framework of the Integrated Research and Treatment Center
Adiposity Diseases at the University of Leipzig FKZ: 01E01501 (to
AH, FR, KW, LKJ, MW, NB, NH). MP is funded by a project grant by
the Roland Ernst Stiftung.

Compliance with Ethical Standards

Conflict of Interest All authors declare that they have no conflict of
interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.



237

Curr Addict Rep (2019) 6:229-257

6v-8¢ (5 L MN
osed[al QEMENQOﬁ pasnpur Ammg ou A‘VOM =, v
YOIy ‘BaIe Y LS U S MLS  'SA SEQ :2500N[3) dMOqEIDN €1y {94 90€-L9¢ L d0 AisaqO [ot] 'Te 12 1810
wﬁ%ﬁ@bw pasnpar
panqryxa pue dnoi3 (sdnoi13
9530 Ut DFF Ul JILed (uondoorad 10§ SeRp  ESYF Y SE=N ST 40
papey suonejussoidor ase], - aIse) Jo DHH) Alosudg Se81 ou) 0€/ST €S IFEITT=IN 0¢ MN Ausoqo  [6€] '[e 10 exyiprey
-1l 8'ee=n €C d0
s8]
Aes pue Joams 0} JADISUDS
SJour oIe S[enplAIpUI 3530 - (sding aise]) Kiosuog Se-81 vI/LT 81T=N 1€ MN Ausoqo  [8¢] '[e 10 TedyipIEH
LOIFETY I'sFeor=mn 94 25240 A[pIGIo]N
SSBUI jej [eIooSIA CCLFV oy OCFTSE=N 8¢C 40
0} paje[ar AjpAnESou sem (s¥ons uyyrug pue L'8F9EC 60F89T=I 4! MO
pue [NE P A[oanesou sding eIse], ym juswussosse CLFILT LTF91T=W LL MN [Lg] e
Pare[o1I09 eoueuLIofed [[ows - [[ows pue d)se}) A10SUdg L9FIET J ISOFI6LI=I L1 WSom mog AisaqQ BIOIED)-ZOPUBUIO,|
sdnoi3 usamjaq 1QIp Jou
pIp uonouny Ase) Aseqo
Ul S|OA9] UI[oIYS Posea1oop (NS uIgIug pue
0) pajejor pue )isoqo SALNS QISE] M JUOWSSOSSE L'8FSLE L 99FLTY= 65 40 [og] T30
ur pornredur Ayoedes [jowg - [[ows pue d)se}) A10Sudg 6SFECLE eu OTFV L= 9¢ MN A1saqQ  epuUBIY-ZOpUBRUID]
sureg
NG parorpard pue Suraeid
POOJ tHIM poje[aLIod 5 SA T 17/81 60CT=N 6¢ MN
OSS
oy pue S o Usemdq OSS
pue Dd pue DAdw pue  ‘Dd DddW  (SulAeId pooy) aireutonsonb [s€l 1210
SA 3 uaMIq D | :MO 1 ‘Sd ‘SA ‘(IAY) SwSewromaN Sy—81 Te/0T 1s0e=mn 44 MO AisaqQ  zonSLpoy-serenuo)
sdnoi3 juedronred
0M] 9]} U9OMIDq JOYIP
10U PIP UOHEN[BAD POOY
uo Sururen o) Jo sIOYPH ¢
MN UI Swd)1 paurenun
ueyy AAnisod a1ow
POIEN[BAD QIOM SWOY OF) 7
sdnoi3 yoq ur swon
03-ou uey) Ajoanisod ajowr (swioy paurenun/03-ou/03
Pajen[eAS alom SW 0F) °[ Jo uonen[ed ‘Sururern 1'ee 3709 y9cT=Nn 8¢ MN
‘Bururemsoq - 05-0u/03) [eNOIABYOY 9% 874! ov vy =W 65 d0 Asaq0 [¥€] Te 10 uay)
(Suraed yren ‘Aarsindur)
ameuuonsanb ‘(spooy
spooy oLIo[ea-y3iy 10y gv'l OLIO[BO-MmO] PUE -YSIY 10 66/S¢ SeTT=N rel MN
« Aparspndur | :go ur £juQ - gv “fnasindwr) [emoraeyog S8l 1€1/4S 81'8€ =/ 81 40 Ausoqo  [g¢€] e 10 s1Fuog
JSaI)Ul JO (oreway/oreun) (N) 2z1s
JINsa1 ure]y  suol3ar urelg POWRIN  (S189A ) 93y Iopuon ANE\mx un) JNg  odueg sdnoin Iojoej paredwo)) QOURIJNY
Aysaqo ur suopeydepe aantugooomau pue syndur A1osuds jo uonendiuew surwedop UO SUONIS ) Ul PISSAIPPE SAIPNIS UBWINY oY) JO Arewwung | djqe]
1919eL xipuaddy

pringer

Qs



Curr Addict Rep (2019) 6:229-257

238

pay
-oyeu
DO pue spremdr (dNS) I-€ AqieoH
[erognie pue (q4g) [emeu 139 ans
30q SUIAJOAUI SIOPIOSIP (Sutures] paseq-fopout € ano
ur (iqey) uonisiboe "SA 21j-[opou FulInseaw 1€ adad om 40
S9l-[opoull spIemo) selgq - LTAS?) [enotaeyag 81 < Ju el 13 agd » 40 AusaqO [9t] 'Te 10 woop
Adass q9g pue
asn [oyod[e Yim A[oAneSou
PJR[OLI00 XOPU] UONBANOIN 011 Ayreay
SOATIUROUL ATRIOUOW 0€ A%0)
no11dxo 10} UOHEATIOW €z ane
Tomoj pey spalqns qv ¢ 0¢ ave
qag om /m spa[qns g0
Ul PIAISSQO SAOUSIIP ON T 0¢ agdg om 40
Surpuodsax
amjeward | « s1osn ) (>1sey Surpuodsax
pue sj02[qns QA pue Qv ' - amyewoid) [emoraeyog 81 < Ja L 0¢ agd » 40 Asaq0 [S¥] Te 10 uoop
UOUWIOM 9S9qO UT S
pooj jueniSuoo 10§ Anadde
Ppaje[NUINS-INOPO POOy (ansodxa 1mopo
© 0] 2amsodxa Mopo Jusrquiy — Joye dYejul POO)) [BINOIABYDE I'TF1CS J 8 FISE=N o a0 AsaqO  [pp] 'Te 10 ordresorg
syuedionied 9seqo jou 1nq
yS1om [ewou ur Jurpuiq
10)dooar Z(J [eIeLlS Peonpal
i pojeroosse st Suide (arse1) E9FTIE 61/¢ 0SFEOr=N [44 a0
A QUI[ORP FUDYI] 95010Ng —  Aosuos ‘(1rd) SuiSewromaN YSFE8T SIy  VTFSTC=W 61 MN AsaqQ  [eect] Te 30 Ourdog
Pooy Ayi[eay] spremoy
saruapu?) yoeoxdde |
«— MN :Sururemsod ‘¢
pooj
Ayyreaqun 10§ yoeoidde T
« €O ‘Bururemsod g S1/S1 6’1c=n 0¢ MN
sornyord pooj spremoy
soroudpud) yoeoidde |
< g0 ‘Suurenoid '| - (LvVv ut Suturen) [emorseyogq SE-81 SI/Sl Tse=EN 0¢ d0 As2q0 [2r] e 12 [YoIN
(uondwnsuoo
Po0J) [eINOIARYRq ‘(3S9)
q)se)) A10SUos ‘(urnsur pue
9500N[3 Poo[q) drjoqelew
‘(suonIpuoo a3ua[[eydo
9s0on3 pue Sunsey
uonsagur 9soon3 Iopun gy poye[oI-pooy ST-S8I L1 MN
oYe gy pooj | «— | NG —  SS3ssE 0 Jse) N M) dANIUS0) ’u eu 0E< S qd0 A1saqO [1#] ‘18 30 uosey
Ayanisuds urnsut ovzc=m
[esoydrad pue onedoy | LYT€TT
1Sa19)Ul JO (o[ewoy/oreu) (\) az1s ma
J[NSa1 urel\  Suordar urerg PoyeIN  (s1e9A ur) a3y TopueD (Jw/yur) L[ING d[dureg sdnoin J10308) paredwo)) Q0URIJOY £
=9

(ponunuod) [ dqeL

Qs



239

Curr Addict Rep (2019) 6:229-257

1 Aipiqeyreae

yeaned < | INd

Sununodsip

premal MO/MN =4O -

Surpuiq

cddd MO/MN =40 *

VDO Pue DAJWp
pue HINV usemiaq Hf jo
3uans Ay Ym Aanesau

POYE[2LI0d UOIQIYUISI( *

ng
M pajeroosse (padeys-n)
AjIesurj-uou sem 0|

pue 4o Pm HIAV JO Dd

NG
ym KjeAnisod paje[oriod

DAdIP pue 1Nd Usomiaq 3, *

Jouuew padeys-n

PaLdAUL UB UL SN pUB
DAV ‘LNdI oy Ut Ajianoe
urelq Yim paje[oriod

A uonengar Suun(g -

1 and pooy 01

asuodsar qTOg < | TINg *

1 Ainqepreae

Neaed < L ING -

(I'Tdd Surures| swono

aanesou) MN > 9O

(1dDD) spremar
Kreyouowr ym oouorajord
OU ‘SPIBMAI POOJ (IM SAND
JAneSaU 10J sooudtefard

[eorxopered AN/MO < €O

(K1owowr

Sunjiom) MN > O/MO

—

—

—

—

| SA ur ugge ¥z« | ING

soseyd Aroyedionue
Suump A1Ande x91100
reyuongaid [eIpawIONUIA

pue [ejeins [enuaa MN < 4O

SA
‘HL VLA
‘NS ‘LNnd
‘dD ‘HIH
‘nvI ‘DINV

dLS

nvo D1
Dddwp
D4dIP
‘SNI dD
DAV ‘1LNdI

Nl

NS
4D Lnd
‘NvVI ‘SA

DddwA ‘SA

(14d) SurSewromaN

(LAd) SuiSewroman

(1ad ‘Law
uontugod ‘(144) SurSewy

(Surae1do pooj Jo uone[ngar

*SA JIWIPR) 9ANIUS0d
‘(T4IA) SurSewnomau

(14d ‘TINY) SurSeunomau

(ITdd 'LdDD
‘Krowowr Surpiom) uoniuso))

(14d) SuiSewromoN

(LAIN) uonrugoo
(NI SurSewrromaN

Sv—81

0T F0°LE
TOIF6vE

8T SF19°8C

199F¢61¢

9¢-1¢C

6SFO9CT=N

6¢-61

STYFSTYC

SSYFrovC

6EYFLI'ST

LY—0C

LOIF8¢E
SLFE8E

v/01
v/01

Sl/s

€y

Ja

691

L91

6-L1
I/T1
y1/1¢C
L=61

v'ae=n

eeeE=N
€CC=m

OV cF ey ce=m

ILYF06'6E=N

(sLe=m
8'8E161

§9¢-8°0C

(SY1FerTc=m

OV 1 FEILT=N

YSOF09e =N

LL'LT-19°81

rreee=m
SEFOVE=N

€C

4!
4!

0C

LT

a4

1!

6¢

S¢

€C

9¢
SI
33
9C

6l
6l

MO/MN

d0
MN

MO/MN

d0

qog
Lad

NG

MN

MO

g0

wpog
opudopoer-[311]
ONHdJ-(H)-[D11]

MN
d0

(sdnoi3) INE [€6] e 30 onn

(sdnois) [N [zs] e 10 J0sTRD

(sdnoi3) NG [16] ‘Te 10 uroisuasig

(snonunuod) NG [05] T 30 yornaIq

(snonunuod) NG [6t] Te 10 24018500

(sdnoi3) (NG [s] ‘e 30 wddo)

(snonunuod) NG [8+] 'Te 10 o133eaere)

(sdnoss) NG [Lt] 'Te 12 sipoeg

J[NSaI UTR]A

Jsa1o)uI JO
suorgar urerg

PO

(s1eak ur) o8y

(oreway/orew)
IOpudn)

(/3 un) 4 TNG

INEZS
ordwreg

sdnoxn

10308] paredwo)) QOURIY

(ponunuoo) T 3[qeL,

pringer

Qs



Curr Addict Rep (2019) 6:229-257

240

SNI (I'Tdd) uonusod 0'SF00¢ 1zt LTFYTC=W €C MN
S9010U0 1091100 MN > O T “ILS DddW “(T4A) SurSewrromau 9SFS6T 01/6  STF¥Se=mw 61 40 (sdnoi3) g [19] 'Te 30 2qny
Suisea) pajear-yIrom
101¢ ured [eUONOWD dIOW
pauodar Aoy J1 SawooIno
[e100s dA1EIU 0} dsuodsar
dper ey MN > 4O T I'EFTST SIFIIC=I 4! MN
SoNo AIejouou
"SA 910 Te100S [ MN < €O ' - (LAIS ‘LATA) uonruso) 9TFYST I CYFTUSEEN 4! 40 (sdnois) NG [09] 'Te 30 aquy
(e13mu (oyeyul
enuesqns o pue uowend Qurwueloyduwe
Y8 10j JuBOYIUTIS) eye=mw loye
}esedprva «— | ING T Te-1T 8/8 TST=J SE61 91 Y ¢) dn-mojjog
(et
(udispuon)  1Nd ‘NVO 8ST=I sunuepoydure
T U0 NG JO 1010 ON "I AV NS ‘SA (Ldd) SwiSewromoN 6e-81 SI/81  8+HT=M ‘SE61 €€ Q10§oq) durseq (snonunuod) NG [66] e 10 10[ssoy
()
Yy F0°SC
HUO)
8L'SFTIC cITl LETF8ITC=N ¥ MN
(»)
soouonbasuod dAnesou 1Ty F09C
proAe 0} Suriea] MN > €0 - (IT4d) wonmso) (W) TEFL'9T TITL 6EEF6SSE=I T 40 (sdnoxs) NG [86] e 10 Jowsey]
D2d ‘DO
D0V
240 ‘HL
ANV ‘SNI
Aniqereae Yea Nd ‘Nvd 88 CIFI981H SOTCT=I 4! MN
UL QOUSIOHIP OU «— MN < O [es10p ‘SA (19d) SuBewomaN L0l ¥80°6€ 3 68 17 = €1 40 (sdnoid) NG [LS] e 10 voss|iey
(Ay1Anisuos
Ananisuas yuawysiund yuawysiund/premar)
pue plemal 10 gV 0} vhmwgomumw—a@
(seBueyo) [N JO UOHE[dI ON - (gV) [emoraeyag 61-¢1 LTE/08T §8I< L09 - (snonunuoo) N [96] 'Te 10 o>yuor
(921010 pOOJ dnjeWOINE
O Surmor|oj [onuod 'SA PJoRIIp-[e03 JuLnsedw
paranp-eos T« | NG T 1d0) [emoraeydq
gV pooj Suunp ‘(1se1 doong pooy) 2ANIUF0o
sosuodsor DAd] T« | INE "1 Dddl ‘(IAAY) SuiBewriomoN €581 €9/€1 Se-61 9L - (snonunuoo) NF [55] 'Te 10 uossuer
uonen[eAdp
JIa)e ojer osuodsal pue (ofse3 yuerodo
uoneydepe emoraeyeq T NG — oIy ur uonenjeAdp) uonruso) 0€-61 w 90°'S-0T 61 0€ - (snonunuod) NG [S] Te 10 uueunsIoy
(919Kd
SA [ennsuaw
ur T Surpuiq Y¢d < | INE T Jo oseyd 19¢=mW 0T 40
ST/sa VN 1e[nalIfjoy
ur | Supuiq ygd < L ING T ‘NVO ‘LNd un) 1g/ce
1S219)Ul JO (o[ewoy/oreu) (\) az1s
J[NSAI UIRl\  SUOI3aI ureIg POUIRIN  (SIe9A ur) 93y Jopuon ANE\mE un) NG ordues sdnoin J10308] paredwo)) 0URIYY

(ponunuoo) T dfqeL

pringer

Qs



241

Curr Addict Rep (2019) 6:229-257

1 spremar 10} MO} puadxd

0 Burpiim : MO < 90 T

T 201049 yse1-pIey Junyewr
Jo Ainiqeqord : MO < O
UoneUIqUIOd
[eroauaq Ay Surouorddxe
JO pooyI[ayI] 101edid
pajorpaid os[e pue s1)1p
Jo dnoi3qns [nysseoons
SO A1) PASLIDJOBILYD
Ayianoe D pue

—

UONEAT}OW SNOWIOUOINY 7

uone[nsaI-yos
[ngssaoons pajoddns
«— poour oAn1sod pue asop
MO[ :UOIRUIqUIOD [BIOLOUd *
Y
UONB[AII0D JUBILIUSIS OU
PaMoYS [aums pooj 10} gV ¢
USIPIIYS O Ul paIsIxa
[1Bs T[nums pooj 10} gV jo
AyiqeneA 1931e] 91008 gV
UBSW pue s[ewy JO[[1j uo [y
Jo AuqiqeLrea 1oy Surjonuo) ‘g
ng
1o1pa1d ued s[eLy I9[[1j uo
¥ Jo Aniqetiea pue [nuns
P00} 10} gV JO AJI[IGeLIeA -
(309p0 114 108uons
*9'1) sand Funorpaid-pooy
Aq paouangjur
I103U0xS INOIARYIq
paoatp-1eosd :MN < MO
ou0) y(J [eIeLys JoMOo|
<= (SA urjuourwoid jsour)
SIOY [[e ur T YAQH
MN < (S€=ST INE) 90/MO
BINSUI-S A ANATOQUUOD
[euonouny MN < €0 ¢
SOSSO[
Aeyouowr 0) sasuodsar
X01100 [ejuoggaId rerpour
JueLIdqR ‘g Ul WOANO
Areyouou [[BI9A0 MN > O T

—

—_

DAL

nvo
‘L0d ‘SA

(g
3]s} spIeMmal 10J armpuadxd

to,@OV TeinorAeyagq

(poowr

QIISOP POOJ INOIABYIQ

Sunes) aneuuonsanb

‘(381 A1Aapoear

and pooj pue uonejdap

K103B[N321-J[9S) dANIUZ0D
“TIIAY) SurSewomaN

(av
PaTe[a1-pO0) SuLmSeaw Iy
pue INF ‘1ddA) [emnotaeyag
(syuowoAOW
99 +159) 1Id “Yse
SuruonIpuoo UBIAO[ARJ Sk}
SuIUONIPUOI [LJUSWINISUI
= wdipered [ [4) [eoiaeyeg

(144d) SwSewnoinau

€STFLEIT W %Y1

LTFCLIT W %9¢

[1'CF69°1C w %8¢

€81 J

Sv'6l =N J

CIFEE 11/9
8F0¢ 9/11
6F 6T el/L

¥8'¢
FYoe=m

‘0v-0€ 11/6¥

orcxclee=m
WIFILT=n

96’ 1 FCSIT=N

’a

06'€C=N

I'S¥69¢=m
SIFCLL=N
IIF61C=N

23
EFTST=N
996761

|14

9C

9C

SL

123

C

LT
L1
0T

09

40 (£luo g0
pue MO 107) Lad
MO 2y Sunordwod 1aye
juounean ("TA) SSo|

MN  JySom ypuot-¢ [N [99] e 10 w1\

- poouw ‘a11Sap Poo [59] 'Te 10 zodo1

YD MN

d40/M0 (sdnoi3) NG [+9] Te o 1y

d0
MO

MN INd [€9] Te 30 1ouyeT

- (snonunuoo) TNE [29] Te 10 90

1SQI0)UI JO

JNSAI ulej  SUOISaI urelg

POWRIN  (STe2A ur) 93y

(orewdy/oreu)
Jopuan)

(/3 un) L ING

() oz
ordureg

sdnoin 10308} pareduwio) QouRIRY

(ponunuoo) T 3[qeL,

pringer

Qs



Curr Addict Rep (2019) 6:229-257

242

1 ‘saxmord pooy ouofes
(ao0] ') ySiy 1oye 1YSS

(Anarsindur yren <moraeyaq
Sunes) aneuuonsanb
‘(1onuoo Aronqryut

1 ‘(W "sA) J ul SWO pooj Suumseawr [SS “vse} Suner (€re=N)
OLI0[9-MO] 10§ Furyr| | w ! - armord pooy) [emorAeyog Ge-8I el/el 8'6£-C0¢ 9¢ d0 NG [69] Te 10 S1qiunA
19932 Suruud [emoraeyaq
o Aq DAJWA-DAJIP
A)IATOUUOD [RUONOUN
Jo uone[npow «— | [INg T Iy FTYLT TPl LECFTEVE=N 9C d0
Pake[op SpIemo) sond
K1018)$Nn3 2ANESOU UM
Surumd Sutinp T 5AdPT Y9I Oddua
g ut K1anoe :MN < €O T ‘OddIP (TIAY) SuISewIomaN.  pI'€ F €8'ST SUST 181FVITT=I 0¢ MN A [89] 'Te 30 skioy
(a) (m)
TL'EF009C SOTFE8CC
() ()
SEEFLOVT Sl TLTFYLTT=W 6¢ MN
(m) (a)
€OETFEV 9T 96'0F 6L'9C
(w) ()
SEYFYILL YIvl vITFS89C=W 8¢ MO
SpIemal Aouowr (m) (m)
"SA POOJ (M doUBULIONOd LEFOVLT 0TyFeELEE
uo [INg Jo s103p2 ausoddo (pooy/Asuow ‘Oalssed/QAnoe “(ur) “(ur)
‘Burueoy aatssed MN < O - LTdd) uonmuso) S8EFE6'ST SI/ST 99°9F+09¢ = 0¢ d0 (sdnoxs) INg  [#] Te 10 uoywooy
Spooj
Ayyreayun jo uondwnsuods |
« $0109s Ayarsynduun
| ‘Ad ur spooy Ayyeayun
Jo uondumsuoo N < MH SL'SFS86C or/el  €1F88IC=1 €C MN
101nq 18
uondwnsuod judanbosqns | (syuowIpnl anfea
< DuId [BIPAWONUIA 9)se) pue y[eay) uonusod
oy ur sasuodsar poseq-onfeA | Ddduia ‘(TIAY) SurSewriomaN 009 F 8L'6C L1/€T T8V FHR0E= o | (sdnois) NG [£9] 'Te 30 o1pa
sdd
JAne3au 03 Juanbasqns eare
Jojowr Areyuowyddns pue (ur)
WINELRS [BHUSA U9M19q ECFTLL STFETT (W)
Surpdnoo [euonouny MN > (M) 9°€F9'9z S1/ST 6'1FO6IT=IN 0¢ MN
g0 ‘uoneydepe [eInoiAeydq (u) ()
ojut sgd dAneSou (ILdM) uonrugoo €SFTLT ['EFO0PE (1)
Jo uonerodioour WN > 40O VIAS ‘SA ‘(W) SutBewliomoN (M) L'y F €'8C SI/E1 STFIPE=W 8T 40 (sdnois) pNg [9] e 10 teyey
| spremar ureyrooun
10§ 100 < synodoip
M < s130[dwiod M €
1sa19)Ul JO (orewdy/oreu) (N) az1s
JNSAI UIRl\  SUOIFAI UTRIg POWRIN  (STe2A ur) 93y Jopuan) ANE\ME un) NG ordues sdnoin 10308} paredwo) Q0URIYIY

(ponunuoo) T 3[qeL,

pringer

Qs



243

Curr Addict Rep (2019) 6:229-257

Aiqrxepy oAnIu300
pue Ayarsindu ‘Arowoun
J1posida [eqioa ‘uonouny

[enedsonsia T« [N | °

Ajsaqo

ur uonouny [enedsonsia

Jo o101 ayp spoddns

«— w saimonns THO-Dd
U SSOWAIY) | pue saIrmonms
OHJ-D4 ul swnjoA

pue ssowjoryy T« [N | -

Dddl ut Ajqejou

141 9y Ut ssauxydIy

| pue 41 ur ssauIy)
[eoniod T «— TN |
Surssooo01d premar paioje
SI[IopUN ABUI UOT)OBIONIT
derdo—ourwedop jueoqe<

= UONE[AII0d OU :gQ *

|

Ayisuop Z@YQ Olquurjosow
«— Kyisuop y-prordo-1l N
(ouunayI| wnwirxew
PUBIUSLIND) [N Y [BNPIAIPUL
oy pojorpard Surssoooid

1

1

premar pooj Arojedionuy

Ayarsindur
JIel) [BULIOU-MO|
s syuedronred

103 AJuo 1YSS | < NG

1 1xoyu00

PO0J oLI0[BI-YSIY oY}

ur Ajeoyyroads ‘[ASS pue
TING u2am1aq diysuonerar
ayp uo Ayarsndu

JIe1) JO 1090 SuneIopow

saL10301e0 2amord
SSOIOR M\N PUE g U9omIdq

19[Ip J0U PIP STYSS *

1X9IU0D
POOJ 3y} JO IPISINO LSS

Uo I1opuas JO ddudNUI Ou

(w 'sa) g ut
POoJ OLIO[ed-YSIY 10J 1SS

OHd
04 “100
Dd Ddd 14

1Nd
‘NVI ‘SA

SA

SurdKjoud3 “(sysey
UOOUN-IAINOOXI-UOU
pUR -0ANNOIXD
SnoLIBA) 9ANIUS00

‘(AN SuiSewiomoN ST Ju A €8 - (snonunuod) NG [2L] e 1o Srures

0T €I F00Th OTFVYTC=N 0C MN

(Lad) SurSewromoN LT6FVT 1Y J VIV FOCTY= ST d0 (sdnoi3) NG [1.] 'Te 30 udurwony,

(1LdI14 ‘LAIN) uontusod
‘(RIAY) SurSeunomaN pe+T 61/5 081 T - (snonunuoo) Ng - [0.] “[# 10 uownrg

(€8 17=)
v1/91 €67-59'81 0€ MN

1SQI0)UI JO

JNSAI ulej  SUOISaI urelg

(orewdy/oreu) (N) az1s
POWRIN  (STe2A ur) 93y Jopuan) ANE\ME un) NG ordues sdnoin 10308} paredwo) Q0URIYIY

(ponunuoo) T 3[qeL,

pringer

Qs



Curr Addict Rep (2019) 6:229-257

244

14dS
'SA 1V 0} juowugisse £q

pajenuone sem 109JJ9 SIYJ, ¢ (visey Sununoosip LIIS or'LE=IN 001 14S
sso[ JySrom juodred 1 Ae[op ‘Jonuod Azouqryur ECANA
<« [onuod Alopquyur 1 —  Suunseow SS) [eoIALYOg 19'1s W%6'L1 0S9¢=1 06 Ldy  Juounean ssof JYSAL  [9L] 'Te 10 osseuey
3oeqped)
pIemar SuLmp snik3
[eurSrewexdns ay pue
(1S) X900 AIOSUSOJBUWIOS SNIAS [eu
Arewnd oy Jo uoneande T -13rewrerdns (LAIA) uoniusod 1oded
«— sS[aAd] 383 Apog | TN (A SwiSewtomaN.  SE'TF 9591 149123 woy Jeajoury 89 —  (snonunuoo) yey Apog [sL] e 30 seaeN
(1) (m)
$TF06C €0FTTT (W)
(W) 9TF6'6C 81/51 SOFITC=I €€ MN
(a) (a)
YTFYTE (0D 0LE (W)
(W) gTFICE 81/L1 CCFTOE=N 33 d0
(m) (a)
TEFOIE S0F0TT (W)
(W) y'TF €0 LULT  vOF0€T= 43 MN
(9yepdn pue (M) (m)
uonismboe ‘[ TYV Pooy) (m (pooy/Aeuow LTF8eE 91 F 6 ‘(W)
+u) MN/W) GO > (M) g0 - ITIV) uonmdo) (W) 4’7 FQ'TE 9I/LT 9TFLBE=W €€ a0 (sdnois) [N [+£] Te 30 Sueyz
spooj ureyd Joj Aed
03 ssouSur[Im MN > MH '€
seare [ejoLed pue [eyuoly
Aqrediouud Suiajoaur
YI0MOU B UT SPIEMAI
Areyouowr Jo Furssaooid
oy Suump A)NAROUUOD
[euonouny MN < MH 'C €5°9F00°€e 0C/LT  LL'TF8TCC=N LE MN
seare
[eyews pue [eyuoy Ajurewid
SUIAJOAUT JIOMIOU € UT seare
SpIemal pooj Jo Surssasord Terorred (LN
Ay Suump ANAIUUOD ‘[ereLns ‘LdLA\ PooJ) uoniusod [eL]
[euonouny MN > MH °[ ‘eyuoy ‘(RIAY) SurSewromoN €T9F6SEE 1781 69 CFIV0E=I 6¢ d0/MO (sdnoig) NG [e 10 UpWOY-0opIoA
QUIN[OA UIRIq [BUOISAX
PUB SSOUIIIY) [BONI0I “S)SA)
SANIUS0D YIM G1'0—$T'0
SUONE[OLIOd O1)AUaS pey
[INE Ul 99ueLIeA O[qRILIdH °S
JUQISISUOIUT
QIOM SUONE[OLI0D
[ANg—AN[euosIag
1sa19)Ul JO (orewdy/oreu) (N) az1s
JNSAI UIRl\  SUOIFAI UTRIg POWRIN  (STe2A ur) 93y Jopuan) ANE\ME un) NG ordues sdnoin 10308} paredwo) Q0URIYIY

(ponunuoo) T 3[qeL,

pringer

Qs



245

Curr Addict Rep (2019) 6:229-257

Sutnp HAdIp 1ysu

pue oyN uoamjoq Surdnod
[euOnOUNJ Oy} PAI)[e PEOT ¢

MO[ sem

peo] 9ANIUS0d uayM AJUO

Inq ‘OyN oY) UI UONBATOR

| <« samord pooy
ouo[ed-y31y o3 amsodxy ‘g

Y31y sem

PeO[ 9ANIUZ00 UAYM DAJIP
pasde3uo ysey ueds n3iq ‘|

3se)
IOMUR[J O} UO SIOMD | «— VT
sarem g pue NYd T «— vd°
(pooj-uou
‘SA pooJ) 2dAy rnuuns
4£q 1o1p J0U PIP SYOYA(Q T
[onuod
Aronquyur 1 :dnois qag
qav
P2Je[21-POOJ M PIIR[AILIOD
jou 21oM swoydwks
IOpIOSIp Sunes pue
Y ‘9s0on[3 poo[q ‘Funy
Kjones
Sump uonedionue premar
Pa1e[a1-po0] 0} asuodsar
Ul UOIJBATIOR UTRIq 0) Paje[al
SeM S[OAJ] UI[AIYS dAIOR JO
UOIENUS)E «— Q0UBUDIUIRUI
SSO[ JYSTOM [NJSSAIINS 7
PIemaI PIIR[2I-PO0J © JO
1d1o0a1 oy SuLnp uoneAnde
ureiq Jo uonenuane
paonpur-Ajanes uredal
JYS1oM < SoUBUSIUTRUI
SSO[ JYSToM [NJ$sA2ING *|
1V woxy jyousq |
«— Aasindur | :ssoj
1S1om Judo1ad uo [onuod
Axouquyur 91109ds-pooy
pue Sununoosip Ae[op
Jo 10eduwr o) pajerspout
0S[e UONIPUOD JUSUNEI], ¢

—

—

OVN ‘DddIP

(5[se) uones1o3aed

PO0J) [RINOIARYDq

‘(3ysey ueds NS1p) 2ANIUS0D
“TIAY) SurSewtomaN

(Sunojiuowr douewoyrdd

uLmseaw yse) Jue[}

UISYLIY) [BINOIARYDQ ‘(g

— pue N4 :094) SurSewromaN

(1onuoo Aropqryut
Suumnseaw JSS) [BINOIARYRG

(s1opI0sIp Sunes

‘qy ‘108uny) a1reuuonsanb

‘(es00n|F) orjoqelow (gy

Paje[a1-pooy Sulnseawt 13y
pue WA :LddA) [BMOIARYDE

(LAl ‘LA uonrusod
(TIAY) SurSewriomaN

€0'IC=N

80C=1
6’61 =N

ores=m

90 Sy =m

9=

YY1 FELE

86FSIE

oL/l ST—681

Loc=m
Ja LTT=N

[

J €TSE=N

Lie=m
¥ 97891

6V F98C=N

J LSFELT=NW

6¢

123
143

S9

s¢

€5

81

81

(OLIO[BO-MO] "SA
-y3my) nums “(ysiy

— 'SAMO]) peoj 2AnIuS0)  [18] & 10 US[IQ UeA

[onuo)

vd uondippe poo  [08] e Jo udNuer]

add om g0/MO

add » 40/M0 aag  [6L] e o osseuey

swoydwiAs

JI9pIOSIp Sunes

qurensar A1ej1p
“as0on|3 poolq ‘Funy

[8L] Te 10 sug uwep

uregar JySop

QourUIUIBLL (sdnoi3)
SSO[ QouBUAUIRLL

JYSIoM [NJSSa0oNg SSO JYTIOM [£L] ‘18 32 uoung

J[NSAI UIRJA

Jsa10IUl JO
suorgar urerg

POWRIN  (STe2A ur) 93y

(orewdy/oreu)

Topuan (W3 U L TING

() oz
ordureg

sdnoin 10308} pareduwio) QouRIRY

(ponunuoo) T 3[qeL,

pringer

Qs



Curr Addict Rep (2019) 6:229-257

246

[0nU0-J[3s
JO Junowe oy Jo ssopIeSar
son[eA [eo3 )M PIJR[OLIOd
Dddwia ut QIAOY “|
JySnoy aAIsnyul
pue Inoiaeydq dAIs[nduwod
Sursdwod uorsuswip
woydwAS © yim pajeroosse
A[3uons 1SOw 219M [01UO0D
PA)o2IIP-[203 UT SIOPIJ
DJW
[eIoje[lq pue DAL oy Jo
saueyd O parear-ururel], g
PaseaIour 0),JST
pue DVI oyl uamaq O | ¥
DDV oy} UI UoneAnoe
| pue Dy oy ur uoneanoe
1 ‘pooy Aypreaqun spremoy
seiq yoeordde T — NGD '€
DV
AU} ur AJAIOR | <— POOJ
Sumyoeoidde ‘s Suiproay ‘g
syuedronaed qre
Ul POOJ SPIEMO) SOIOUIPUL)
yoeoidde :ouroseq -
DddIP
Jo suor3ar ayp ur AyAnoe Aq
PAJR[NPOW SBM JO3LJ9 SIY, €
sond ey Jo 2oudsaid
A1) UT SPOOJ JO SSOUTI[EAY|
oy 03 daIsuodsar
QIOW dIoM D) WA
ur s[eusis onjeA snung ‘g
sono yyresy
Jo 9ouasaxd oy ur sa01070
JIonyIfeay dpew syo2fqng -
A)IADISUDS 9No
POOJ 9oNpaI I PIP JOU ‘POOJ
SpIeMO] [01U0d A103IqIyul
aaoxdwr jou pip LTYS T
159} QISEB)
sn3oq ayy ur uondwnsuod
yoeus T «— LIS ‘1
saimoid pooy auo[ed-ysIy
ap Jo uonejuasaxd

—

—

DddIP
Dddwa

D4
DOV ‘DVI

DddIP
Dddwa

(5[Se) 201042 POOy
pue Sunel pooy) [eINOIABYAq
“TYIAY) SurSewtomaN

(swoydwiAs

apO) aareuuonsanb

‘(Surures| paseq-[opowt

*SA d21j-[opout SuLInNseaw
LTIS?) [enotaeyag

(ILVV) [emoraeyaq
“(TIAY) SurSewrtonaN

(Crse
9010Ud POOJ) [BINOIABYDQ
“TJIA) SurSewtomaN

(159) ANADISUDS 2NO POOJ
159} 915€) SNFoq) [emoIARYRYg

‘eu

‘'

Se8I1

8VC=N

€81

Ja

Ju

L/6

11/9

€2/01

1€/01

8] IO[[ONUOO-J[3S-UON

‘Ba 61

el 1961

91

6’9 =N L1

0C

0€=¢6°81 1

I9[[ONUO0-J[2S

ureys

NED

LIy oyroedsun

LY oy1oads-pooq

[01U0d-J]0S

[0NU0D PIJOP-[e0D)

UonedIpow
selq 9ANI30)

SN0 el

Sururer],

[98] Te 30 arey

[8] 'Te 10 ueqin

[+8] Te 30 [UoN

[¢8] Te 30 arey

[¢8] ‘e 10 uowoQ

1SQI0)UI JO

JNSAI ulej  SUOISaI urelg

POWRIN  (STe2A ur) 93y

(orewdy/oreu)

INES

Iopuon (/3 un) ,JNg o[dwes

sdnoin

10308} pareduwio)

QOURBIJY

(ponunuoo) T 3[qeL,

pringer

Qs



247

Curr Addict Rep (2019) 6:229-257

SunyeW-uoISIoap
remdaorad jo Adeorgge
oy soyenpour aurwedoq
Oejur Jey pue
AYBIUI AJRIPAYOQIED ‘eIl
ujo1d ‘Oejur OLI0[RD [©)0)
m paje[arIod Apanisod
paads uora2)ap pooy ¢
eJUT POOJ 10T ) THIM
91e[a1100 Jou PIp Jurpuiq
1944S 94 pue 1vd 4LS T
Ayarsinduur
Jo Suraero 10uny jo sSuner
“QuT) UOTIORIISIP POOJ THIM
10U Inq ‘paads uonoNep
POOJ M PIJL[OIIOD
KJoanegau Surpuiq
19dS 2d pue Ivd 4IS -
d drwsouriou 0} pareduwiod
uoym judurredu [ows
s dnoiS qd oy ur oxeydn
1ouodsuen suruedop paonpay
POOJ 10J gV Pamoys
‘UonIPUOd Poow dANLIU
ur JOU Jnq ‘UOHIPUOD
POOW [ENNAU UI S[ENPIAIPY] ¢
UONEI0[[E UOHUYE
U0 90USN[JUI UB Pey POOIN ‘T
Ty pue UONIPUOd poout
UQ9MJ2q UOTIORIUT ON *
Ty 1oysSty yym syuedionred
ur A[uo pooj dLo[es-y3iy
10J Selq UOnuaye pajenuane
(espuru Ayiqerejed
*SA) JoSpUI I[eaY 7
Selq 1Y uo 3y
PUE JOSPUILU JO UONIRII *
Dddwa ur KIAnoe s
PAIR[RLIOD PUB [ONUOI-J[IS
PasIoIoxd $109[gns uoym
pasealout DAJIP Ut ANANOY “€
SIO[[OTUOI-J[9S-UOU UI J)Sk)
A[u0 Inq ‘SINONUOO-J[S
ul ()[eay pue Q)se)
y1oq payerodiodur HJua ‘g

—

—

—

1sod/jue

(Sunyew-uoIsIop
remdaoad
— sk} sjop Suraowr) [eINOIABYOE

(108uny ‘Sunes [eUOnOW
‘Suiae1d) aareuuonsanb
‘(Anarsinduar pue gy
PJe[oI-pO0) FuLmseaw 1)
[eoIARYq “(SuIpulq YA
orfeydesusip pue [vQ

A LS [eews 1 DHdS) SuiSewromoN

1Nd
(L1S-D0)
Po[ ‘NVD  Atosuds (1Hd) SuiSewromanN

(gV pareja1-pooy
- Suumseaur [3) [eIoIAeyog

(1d gav
Paje[a1-pooy Sulnseawt 13
pue NH :LdJA) [emnoiaeyag

€C=N w

6°CC=N
SST=NW

g1/t
cl/el

=N w
SOIF199 %!

€LF999 67/1¢

9L’ 0=

LS TC=N J

V6’61 =N

€eol=n J

occ=nm

’a
’u

(eze=m)
6'vT9°61

Ba

’a

yeTc=mn

TC=N

LIC=N

60 =N

0l

94

9¢

LE

0s

6y

Ly

[43

8¢

- va

93esop mo]

oFesop ysig uonendiuew v

Surpuiq
- LY4S pue 1vd
JuouLredur
310 moym dd
JusuLredun
A10108510 ynm dd () oSeasIp uosunyred

poow dAnESON
uoperndruew

poour [ennaN aAnIuS0)

jospur
Aiqeiered
uonendiuew

JOSpUIL ([ aanuso)

[ot] Te 0 3s10H

[16] e 10 a1s0g

[06] ‘Te 310 uewdooy]

[68] Te @ 4O

[85] v 0 Ayouoq

[L8]
‘Te 10 UUBUITLIOAN

J[NSAI UIRJA

suorgar urerg

1SQI0)UI JO

POWRIN  (STe2A ur) 93y

(orewdy/oreu)

INES

Iopuon (/3 un) ,JNg o[dwes

sdnoin 10308} paredwo)

QOURBIJY

(ponunuoo) T 3[qeL,

pringer

Qs



Curr Addict Rep (2019) 6:229-257

248

sty Aed-o3-ssouSur[im 7 7M Sfser uonorpaid oyream 7gM ‘Arowdur SursIom M SSof WSom Ty WNeLnS [BNUIA ‘GA X0

Teyuoggaid [erpawonuaA ‘) JJuia yse) 9qoid jop [ensiA ‘LJJA $ISOL, UONEINUIP] [[QWS BIUBAJASUUS] JO ANSIQATUN [7SJ/) ‘SNWe[ey) ‘Z77 {IOPIOSIP 9sn 20ueISqns (715 ‘WmeLns Y 7s yse) jeudis dojs
‘IS ‘own uonoeal [euds dojs 7Y g X100 A1osuasojewios S ‘Aydeidowo) payndwos uorssiud uojyoyd-o[3uls (77 JS ‘LISIu enueisqns ‘NS ‘eare 1ojow Areyuowd(ddns ‘yg S[se) Ae[op ANUOUL [BIO0S
LIS ‘1ouodsuen UTu0joIas ‘7S USUIEaI) [BINOIARYSQ PIEPUR)S 7S QW) UOTIRAI ¢y $ISQIdIUI JO UOIZaI 7y ‘Fururen uoniqryur asuodsal {77y <19)ed,/3unes paurensal 7y Gy  cusweind 74 yse)
Surures] JuowodIoJuIal o1sIIqeqoId 77y {19JSUBI) [BIUSWINNSUL 0} UBIAOJAR] ‘I74 ‘StIAS [edwresoddiyered Oy ‘Aydeidowo) uorsstuo uonisod 774 ‘10110 uonopaid ‘74 ysey Sununoosip onsijiqeqoid
LAd *xeu00 daesuro Jouslsod D) XoH0d [eerred D ¢ W/BY 66'67-ST MO DISe) UOHEN[EAID SWONNO (L7 2q0[ [ENdI000 ‘7D “IOpIOSIP SAIS[NAUI0d—DAISSISAO ‘(7D * ,W/BY 0€ < ‘GO * W
/3 66'H7—S81 MN Suaqundde snafonu Oy d[qesrjdde/sjqerear jou v u X109 [eluogaId [RIPIW ),/ Jul $XOH0D [EJUOIJONQIO [BIPAW Ot St} AB[OP SAIIUOUI ATJOUOW 7 (F[JA XSH0J d)e[nIuId
[BIPAW )N ‘UBW ‘Jy ‘O[ewl ‘wi ‘SNIAS [en3uI] ‘7 Yo 7 ‘Bnsur ‘A7 ‘SNIAS [ejuoiy JoLRJul ‘0,77 ‘snwrefeypodAy ‘z7 7z ‘snpijed snqo3 7o (Surdewr doueuosaI onoudew [euonounj 7y sel Aejop
QATIUAIUL POOJ (74 ‘B[NSUIOIUOLJ ‘7] ‘SNIAS [BIUOL ‘D),f ‘ANAIIOIUUOD [BUOHIUN] ¢, ‘UOLOIPPE POOJ Y/ OBt &f IYS1om $Sa0X9 ‘Y7 “Juswosowl 949 ‘py7 ‘AydeiSoreydoousonod]d ‘ng7 Sse) spremal
J10J arnyrpuadxo 100 L3/ ‘O1el SWINJOA UOTINGLISIP QAN ‘YA ‘XMOD [RUIYIOND ‘)7 ‘Winjelns [esiop ‘g X 103dooar ourtuedo X A/XAUA X009 [ejuosaid [eIPOWOSIOP ‘) JJulp X109
eruoagaid [e1are[osIop )./ J7p ‘uofeydodudlp 7 yse} Sununoodsip Aefop ‘g ‘uonenums ureiq dodp ‘g 1ouodsuen aanoe surwedop (g ouredop ‘(7 1S9) UONBINUIPI [[OWS [BININI-SSOID
LIS-DD 59} 9ouaIdjaId and pauonIpuod {7 7H)) SNI[oNU Aepned Y L1osn SIqeuurd ‘) {eusis Juopuddop-[9A9] UOBUIFAXO Poo[q pusls (770 SAUIPpING OHA MO[[0F SOLI0301ed [INE APUSILJIp
PaJeIS 10U JI,. :XIPUI SSBW APOq ‘Jpg IopIosIp uned-o3ulq ‘774 Sysel Surured] [esioaal aannadde (77yy efepsSAwe ‘Opyy uopuadop sururejaydureiow Jusunsqe ‘guyp SNIAS Iengue ‘Oy (X0
9je[n3uId JOLIdIUE ‘)Y Juouean} [BINOIABYSQ paseq-souridodoe ‘7 gy seiq [euonuaye ‘gy Ssel aduepioe-yoeoidde 7y juopuadop [0Yod[e Jusunsqe ‘(7y» S[se) SuruIes] Judwadiojurar das-g 17457
orduwes amud ay 10J UAIS AJUO SI J[qeLIRA

91} 10 UOLIDILID B UI IQPIP Jou pIp sdnoi3 ssajun dnoid yoes 10y Ajoreredas usAIg ore sonsujoereyd d[dwes ‘sdnoid surejuod ugisop Apnjs 9y J] "SINSI UIBW Y} JO ATUuns € [Iim 132303 Apmys yoes jo (a3e
opuas ‘TING) sonsuoeIeyo ojduwes se [[om se (9[qens JI 1sa19)ul Jo suoi3al pue spoyjowr azis djduwes ‘Ojqesrdde j1 sdnoi3 103oey paredwoo) uSisop Apms oy Jo sonodord urewr oy sopraoid ojqe) sIy ],

suoI3a1
o131ourtedop ur uoneAnoe 1nd
PAJeISUSS SINOPO POOJ-Uuou WS ‘SN sjuedronred [c6]
03 paredwiod smopo poog WSU DOV (T4NY) SurSewrtomaN 87-TC LI/ST  VIFVOST=W 0€ Apreay  Surssaooid A10308510 ‘Te 19 BSMOY0I0S
oyeydn

1op0dsuen surwedop
[eIeLS Jo ANTIqe[TeAR 1)

PIm paje[or1od AjoAanisod MLS (LISdN) A10suas syuedronied
st uonoury A100€JI0  LNd ‘NI (10ddS) SurSewomon 0g< YY/LTT U 181 Ayypeoy va [z6] T8 102 3ed
ANADISuSs urnsur (Jonuod ‘sa uonojdop
reroyduad 1 «— uonaydep v v $2s0on[3) J1[OqeIRIA
1sa19)Ul JO (orewdy/oreu) (N) az1s
JNSAI UIRl\  SUOIFAI UTRIg POWRIN  (STe2A ur) 93y Jopuan) ANE\ME un) NG ordues sdnoin 10308} paredwo) Q0URIYIY

(ponunuoo) T 3[qeL,

pringer

Qs



249

Curr Addict Rep (2019) 6:229-257

sa (z1aaa 8 (%09) AAH  SXeom [ uoy)
I 300jjo ou pue (QSH 10§ 199132 ON T ‘T€-dddvd ‘gadd 3 (%09) ASH  ‘uonudALduL
SA Ul YN Jo Sumojqounuuur) 19IP SOM
1 uorssordxe Yz «— AAH oD [ ‘NVO uoissusue v U w 00€-SLT sy 8 onuo)  (ASAH) 1A [96] e 1 swepy
1 OVN Jysu
ur uorssaxdxa uroid Yza (z@da/dl jo 11q
‘| uorssardxo WNYW YA < ASH T weIsoM SZAA/1AYA 81 dsH
L OVN ¥o1 Jo uorssardxo (uoA13 skep ¢ 1oJ [vo1]
ur uotssaIdxd VNIW AT <~ ASH' T 9VN VN UOISSIWSuen y(  SRQUINU Ou) S)npy w U s 11 (1ojem) jonuo)  JSH (ASH) !4 Aroy| pue Wy
(uorssa1dxo10A0
Ay1s9q0 padnpur-arp 10§ J0ydeoar g(J oruoSsuen) (%09) AIH [co1]
posodsipaid «— uorssardxorono Ygq — BU uoIssIusuen v mpy w eu QTN eu [onuo) (@4H) w1p Te 10 assonoqe|
ured JySem paonpur-o1p
0} 9[qEIOU[NA SIOW JOU NG ‘DA
SSO QIOM SY (I MO[ 1M DI
dO-uou ur | AIA1Noe «— UImnjerns (Suryreusis suruuedop
oy ur Surpjeusis 10 SuLIoIsaY ‘¢ Jo syoadse ojdpnu jo
1 A1apoe Jojowr uonesynuenb ‘Z@IA
« $Y¥7d Suraowar A[[eO1AUAD) 7 JO Jnodpowy Srusgsuery) 8 (%09) AJAH SYoIM g
T Suipuiq Yzd < O 1 ALS uoisstwsuen v SYIUOW ¢ w U Q0T 8 (%€1) [onuo) 10§ (AAH) WA [+81] e 1 puoLg
1 oseajar (Suruonipuod
VA paenuns «— J4H duoiy) g juerado) moraeyag (%S¥) AdH
1 Surpuodsar juerado «— (pajoLnsal (V{ Ie[n[ooenxo) JuowLdxe
pue "qIy pe) qJH ooIy) ‘[ 9YN UOISSIWSUERY) V(] JO 1IB)S O JB SOAM ¢ w  oSeroAB IBIUIS  QOTA eu [onuo) (@dn) wig [201] 'Te 10 boozongg
| worssardxe ¥z < OIq W SAd '+
1 s[PAd) VA +— Sdd + 01d °¢
oIq ur T ured (7/1@¥Q Jo uorssardxa SAQ 210joq sda-/saa+
wSom/emadde < S Ys-OVN T VNIUW ‘[oAd] 9F TS = 3-8 (%SY) AIH
OVdOd/vd PVN uswadxa S 210)2q Saa-/saa+
TVNIWAIA < OIA T OYN Ul SE(]) UOISSIUSULD Y  JO MEIS J& S00M § w YF=W sy 88 (%01) 101u0) (@4 »a [L6] e 10 Sueyy
(10 wred 905)
(AH payemes
(ze-dddva (110 9a1j0
T 1va ‘| vorssardxe ze-ddAva ‘71@da ‘Ivda ‘HL %0S) AdH
pue Y[ < I8 pIreIjesunouowt Jo Sumpojqounuutur) PoIEINIESUNOUOJA] [101]
< (ey parernyes) QdH ~ 9VN UOISSIWSUED Y e w 087-0SC sy 9¢ agipnuw)  (QdH) ®ia “Te 30 NZOIOYAIH
1 symoio
JIOJOWILIOSUS PUE JIQUIT[OSIU
AU} JO SISO UIOMq skep ¢
suonorIAUL «— ((H WH)-HOYS ¢ 01 (909) AdH 10} AdH
T Aupiqeyreae (14ad (%01)  uoy ‘skep / 10§
A < QdH WRHoyS 1 YIS ‘TIAY) SuiSewiomoN eu w 00€-SLT sy 8 adonuo) 41 (@I 0a  [66] e Aueg
JSeId)uL
Jjo
Suor3ax (N) az1s
jnsarurely  urerg PoyIoIN (s1eak ur) 93y JIopuon (3) ySrop  seroadg  opdweg sdnoin 10308] paredwo)) 0URIRJOY

suonejdepe ourtredop [eronns paje[aI-jaIp pue A)Isaqo U0 UONIIS oY) UT PASSAIPPE SAIPN)S [BWIUE Jo ATewung  Z d|qel

73I9eL xipuaddy

pringer

Qs



Curr Addict Rep (2019) 6:229-257

250

0) UOI)BSHISUS-SSOI «— POOJ
junf 03 amsodxa ¢ syodsjoy, [ejerns

ur uorssardxo yNRw 103dodar ! ¢ dxg
proido njq T “syex ojqudoosns uf ¢ €1 (pooj Sunf) 7 dxg
ono 9s0I0NS
© 0) SS900€ UIeS 03 ssouul[[Im
d1qudoosns-uou < aiqndaosng ‘7 01 (moyo) 7 dxg
£)159q0 Jo Juswdororsp £Kysaqo
ap 0y Joud yoeordde pauonipuod (Sunyy padsnpur 121p [901]
o[qudoosns-uou < 9iqndoosng "1 YIS ‘unuem) Ioraeyeg sKep G/—0L w el syey 0¢ (pooj yunf) 1 dxg o3 Aiiqudesosng ‘[€ 30 uosuIqoy
dsdH wip (as4n)
Aq pajuniq inq ¥ £q payrdure Ioye G F 505 S 1Ip 01505990
AyIATOR [ UO UINSUT JO SJO0JJD «— Ip (4D 101p
1 oyeidn (g < S[oNuod < ' OVN (urgnsur) s1030€} OIOqeISA Io)e ¢ F 80¢ S PAIOLSAI-POO,]
| oyeydn surwedop ‘L0d (Aanoe 1o1p sAkep 7¢—-1¢
« s[onuod ur uInsul ‘| ‘NvVD IvQ) uorssiusuen SyoIM (0]-8 w IoYe 9F 9Gy  QoTw/siey S fonuo) 10} 910 [so1] Te 1 198
VLA
‘NS
VYN
(OVN urjou) [Nd/NVD Yy ur ‘Nd (ovppns [y ‘oxerdn Juowddxe WIp paosay  sKep €S
1 worssardxe ¥Yzg pue Ivd <— dSH ~ ‘NvVD V() UOISSIWSUBT} V(]  JO MBS J& S0M 7[—6 w e syey ' 131p 21u80S9q0 103 1910 [86] ‘T8 32 souor
(%9°6L) ASH
8 pajuiy 1o “qif pe
(%L"98) A4H
(1dd) SuiSewromon 8 paywy 10 Qi pe
(za@9dq 3o uorssardxo SOIM G
T KArunge/ v NJw ur101d/ N Y) 10} dSH/A4H
Jed ‘) wopord Yz «— ASH "q1 pe Sa uorssmsuen vu w 01€-06C syl 8 [onuop) (dsdmn) »ia [001] 'Te 30 puodsoy
(sdnoi3 a3e
qoq Je1p
BLIDJOJRD)
yS1om
Apoq 1soysiy
ym o =u
(sdnoi3 o5e
I90IOJUIdI y1oq ‘RIp
Ioye] ‘1081€] OY} JOJ 91070 pIepue;s)
Suronpar Appuopuadop-asop (Sununodsip JySrom
£Q SOOURIYIP paje[aI-1aIp Ke[ap) [eINOIABYRq Apoq 1samo[
apqns payjsewun Suny0[q ¢/7AAA T ‘(jopuadorey pmor=u 0¢ sKep (L 98V
AIND asuodsar—osop m 23e300[q :3unsay SyooMm § [8] uassnuwsey
o ul YIys premys| «— JSAH ‘I - €d/7@) uoIssIusuen v 'vu w [eInoIABYdq 10 sy 0¢ skep g 98y 10§ (SAH) 1A pue uospaqoy
10Ip PAOLSAI
--QLI0[ed
1sa10)UI
Jo
Suorgar (N) 9z1s
ynsarulelNy  urelg POUIRIN (s1edA ur) 93y JIopuon (3) ySrop  saroadg  opdweg sdnoin 10308] paredwo) 0URIJOY

(ponunuoo) g dqeL

pringer

Qs



251

Curr Addict Rep (2019) 6:229-257

BOIR [RJUSWISI) [BIUA ‘VIA OSBIAXOIPAY

QUISOIA) ‘777 ‘wnielns Y zg ‘eIdiu enuesqns ‘NS Oys ‘ys uoweind 704 ‘AydeiSowo) uorssiwo uonisod ‘774 9s9qo ‘g ‘suaquinode snafonu ‘OyN ozis ojduwes ‘u ‘ojqeordde/siqereae jou “vu
{UBOW ‘Jy/ ‘9JBW ‘u/ $(JB] WOLJ PAWNSUOD SILIO[ED JO dFejuadiod oyj S1030RIq Ul USALS) JDIP JB) MO] ‘(7/7 ‘(B3NS WOl pawunsuod saLo[ed Jo 93ejudorad oy s1oxorIq Ul UdAIS) Jo1p 1edns Y3y ‘gsy (3ej/resns
WOJJ PAWNSUOD SALIO[Ld JO 9Fejua01ad o) S)30RIq UI USAIS) J91p Je3ns pue 18] Y31y ‘(7S./F (38 WOl pawnsuod saLIo[ed Jo 95ejuodrad oy s)o3orIq Ul USAIS) J21p 1eJ Y31y ‘(7.7 ‘Surdewr 9oueuosal onougew
[euonouny ‘- uowpdxd ‘dxy cwmieLns [esIop ‘g <X 101daoar surwedop ‘Yx /XY Proe d1ade[AusydAXOIPAYIP-C DVdO A1S9q0 paonpur-1aIp ‘O ‘uonenwns ureiq dosp ‘gg( 1omodsuen
aanoe ourtuedop (77 ‘urjordoydsoyd [euomau pajen3aI-JNYo pue -outwedop ‘7e-JJY v durwedop ‘7 ‘urojoid Jurpuig-juswofe asuodsar JINVO ‘gFYD Snajonu jepned ‘Qy) wmiqi pe <qi pp
ordures amud ay) 10J USAIS AJUO SI J[qBLIBA dU} IO UOLILID

& U0 1y1p jou pIp sdnoid ssopun ‘dnoi3 yoed 10} A[oreredas USAIS a1e sonsLloeIeyd J[dwes ‘sdnoid sureyuoo uisop Apmys o J 'SINSAI UIBW Ay} JO ATBWIWINS B YHM JOUI0T50) Apmys yoed Jo (o3e 1opudl
‘TN ‘se10ads) sonsuojoereyd dfdures se [[om se (J[qeIns J1 3SaI)ul Jo suor3al pue spoyou dzis ojduwres ‘d[qeorjdde J1 sdnois 1030} paredwios) uSisop Aprys oy jo sonadoid urewr oy sopraoid ojqe) s1y],

(¢ dxg) dnoi3
9 [01U0d dJA?
(¢ dxg)
9 dnoi3 “dxe z7quyD
(z dxg) dnoi3
4! [01U0d dJA°
(¢ dx)
(uonerndiuewr Il dnoi3 -dxo JuD
onouagoydo) (1 dxg) dnoi3
uorssiusuen} v 8 [onu0d JiA9
(sey
Surures| [emsyuod
“ysey Suruonipuosard
A10sU0S
SUIUIRY| OALJEIOOSSE ‘SUIUIE] JUSUIOIIOJUIAL (1 dxq) UONEBAT)OR
(sso[ongea) | « suaisuen va VLA pauonIpuod) uonIugoo syuowt 4 eu eu syey 8 dnoi3 dxo 7jyD v oneuwssoido  [£071] e 10 oadreys
AJADISUQS UI[nsul pue
Q0URIA0} 9SOON[T PISBOIOUT 00N (o "sa uo
ay} ur suonau 3urssardxa-103dooar uoneAnoe onauagoydo
1d v jJo uoneanoe dnauadordp £2500n]3) d1j0qEIOW el el el 1N 6 - vd [o¥] T8 32 15104
VNYW Acd [eyerns jo
uonen3oIumop pue
UOIIOWO00] paonpur-surureoydure
1sa10)UI
Jo
Suorgar (N) 9z1s
ynsarulelNy  urelg POUIRIN (s1edA ur) 93y JIopuon (3) ySrop  saroadg  opdweg sdnoin 10308] paredwo) 0URIJOY

(ponunuoo) g dqeL

pringer

Qs



252 Curr Addict Rep (2019) 6:229-257
References 19. Narayanaswami V, Thompson AC, Cassis LA, Bardo MT,
Dwoskin LP. Diet-induced obesity: dopamine transporter func-
tion, impulsivity and motivation. Int J Obes Nature Publishing
Papers of particular interest, published recently, have been Group. 2013;37:1095-103.
highlighted as: 20. Van de Giessen E, La Fleur SE, Eggels L, De Bruin K, Van Den
« Of importance Brink W, Booij J. High fat/carbohydrate ratio but not total energy
o intake induces lower striatal dopamine D2/3 receptor availability
*+ Of major importance in diet-induced obesity. Int J Obes Nature Publishing Group.
2013;37:754-17.

1. Volkow ND, Wise RA, Baler R. The dopamine motive system: 21.  Vucetic Z, Carlin JL, Totoki K, Reyes TM. Epigenetic dysregula-
implications for drug and food addiction. Nat Rev Neurosci. tion of the dopamine system in diet-induced obesity. J Neurochem
Nature Publishing Group, a division of Macmillan Publishers Wiley Online Library. 2012;120:891-8.

Limited. All Rights Reserved. 2017;18:741. 22. van de Giessen E, Mcllwrick S, Veltman D, van den Brink W,

2. Horstmann A, Fenske WK, Hankir MK. Argument for a non- Booij J. Obesity an addiction? Imaging of neurotransmitter sys-
linear relationship between severity of human obesity and dopa- tems in obesity. In: D RAJO, Otte A, de Vries, EFJ, van Waarde A,
minergic tone. Obes Rev. 2015;16:821-30. den Boer JA, editors. PET SPECT psychiatry. Berlin: Springer;

3. Matikainen-Ankney BA, Kravitz AV. Persistent effects of obesity: 2014. p. 641-656.

a neuroplasticity hypothesis. Ann N Y Acad Sci. John Wiley & 23. Garcia-Garcia I, Horstmann A, Jurado MA, Garolera M,
Sons, Ltd (10.1111). 2018;1428:221-39. Chaudhry SJ, Margulies DS, et al. Reward processing in obesity,

4. Meemken MT, Kube J, Wickner C, Horstmann A. Keeping track substance addiction and non-substance addiction. Obes Rev.
of promised rewards: obesity predicts enhanced flexibility when 2014;15:853-69.
learning from observation. Appetite. 2018;131:117-24. 24. Benton D, Young HA. A meta-analysis of the relationship be-

5. Coppin G, Nolan-Poupart S, Jones-Gotman M, Small DM. tween brain dopamine receptors and obesity: a matter of changes
Working memory and reward association learning impairments in behavior rather than food addiction [quest]. Int J Obes.
in obesity. Neuropsychologia. 2014;65:146-55. Macmillan Publishers Limited. 2016. 40:S12-21.

6. Mathar D, Neumann J, Villringer A, Horstmann A. Failing to learn 25. Burger KS, Stice E. Variability in reward responsivity and obesity:
from negative prediction errors: obesity is associated with alterations evidence from brain imaging studies. Curr Drug Abuse Rev.
in a fundamental neural learning mechanism. Cortex. 2017;95:222— 2011;4:182-9.

37. 26. Stice E, Burger K. Neural vulnerability factors for obesity. Clin

7. Kakoschke N, Aarts E, Verdejo-Garcia A. The cognitive drivers of Psychol Rev. 2019;68:38-53.
compulsive eating behavior. Front Behav Neurosci. 2019;12:338. 27. DiFeliceantonio AG, Small DM. Dopamine and diet-induced obe-

8. Kroemer NB, Small DM. Fuel not fun: reinterpreting attenuated brain sity. Nat Neurosci. 2019;22:1-2.
responses to reward in obesity. Physiol Behav. 2016;162:37-45. 28. Fletcher PC, Kenny PJ. Food addiction: a valid concept?

9. Horstmann A. It wasn’t me; it was my brain—obesity-associated Neuropsychopharmacology. 2018;43(13):2506—13.
characteristics of brain circuits governing decision-making. 29. Hebebrand J, Albayrak O, Adan R, Antel J, Dieguez C, de Jong J,
Physiol Behav. 2017;176:125-33. et al. “Eating addiction”, rather than “food addiction”, better cap-

10. Lowe CJ, Reichelt AC, Hall PA. The prefrontal cortex and obesity: a tures addictive-like eating behavior. Neurosci Biobehav Rev.
health neuroscience perspective. Trends Cogn Sci. 2019;23:349-61. 2014;47:295-306.

11.  Yeomans MR. Adverse effects of consuming high fat-sugar diets 30. Pursey KM, Davis C, Burrows TL. Nutritional aspects of food
on cognition: implications for understanding obesity. Proc Nutr addiction. Curr Addict Reports. 2017;4:142-50.

Soc. 2017. Cambridge University Press;2017:1-11. 31.  AvenaNM, Gold JA, Kroll C, Gold MS. Further developments in

12.  Small DM. Dopamine adaptations as a common pathway for the neurobiology of food and addiction: update on the state of the
neurocognitive impairment in diabetes and obesity: a neuropsy- science. Nutrition Elsevier. 2017;28:341-3.
chological perspective. Front Neurosci. 2017;11:134. 32. Gluck ME, Viswanath P, Stinson EJ. Obesity, appetite, and the

13.  Smith E, Hay P, Campbell L, Trollor JN. A review of the associ- prefrontal cortex. Curr Obes Rep. Springer. 2017;6:380-8.
ation between obesity and cognitive function across the lifespan: 33. Bongers P, van de Giessen E, Roefs A, Nederkoorn C, Booij J, van
implications for novel approaches to prevention and treatment. den Brink W, et al. Being impulsive and obese increases suscep-
Obes Rev. John Wiley & Sons, Ltd (10.1111). 2011;12:740-55. tibility to speeded detection of highcalorie foods. Heal Psychol.

14.  Sellbom KS, Gunstad J. Cognitive function and decline in obesity. 2015; p. 677-85.

J Alzheimer’s Dis 10S Press. 2012;30:S89-95. 34. Chen Z, Veling H, de Vries SP, Bijvank BO, Janssen IMC,

15.  Jansen A, Houben K, Roefs A. A cognitive profile of obesity and its Dijksterhuis A, et al. Go/no-go training changes food evaluation
translation into new interventions. Front Psychol Frontiers. 2015;6: in both morbidly obese and normal-weight individuals. J Consult
1807. Clin Psychol Am Psychol Assoc. 2018;86:980-90.

16. Vainik U, Dagher A, Dubé L, Fellows LK. Neurobehavioural 35.  Contreras-Rodriguez O, Martin-Pérez C, Vilar-Lopez R, Verdejo-
correlates of body mass index and eating behaviours in adults: a Garcia A. ventral and dorsal striatum networks in obesity: link to
systematic review. Neurosci Biobehav Rev. 2012/12/19. 2013;37: food craving and weight gain. Biol Psychiatry. 2017;81.

279-99. 36. Fernandez-Aranda F, Agiiera Z, Fernandez-Garcia JC, Garrido-

17.  Geiger BM, Haburcak M, Avena NM, Moyer MC, Hoebel BG, Sanchez L, Alcaide-Torres J, Tinahones FJ, et al. Smell-taste dys-
Pothos EN. Deficits of mesolimbic dopamine neurotransmission functions in extreme weight/eating conditions: analysis of hor-
in rat dietary obesity. Neuroscience. Elsevier. 2009;159:1193-9. monal and psychological interactions. Endocrine. 2016;51:256—

18.¢¢ Friend DM, Devarakonda K, O’Neal TJ, Skirzewski M, 67.

Papazoglou I, Kaplan AR, et al. Basal ganglia dysfunction con- 37. Fernandez-Garcia JC, Alcaide J, Santiago-Fernandez C, Roca-

tributes to physical inactivity in obesity. Cell Metab. 2017;25:
312-21 This study shows that diet-induced obesity can cause
reductions in striatal D2Rs in mice, rather than vice versa.

@ Springer

Rodriguez M, Aguera Z, Bafios R, et al. Correction: an increase
in visceral fat is associated with a decrease in the taste and olfac-
tory capacity. PLoS One. 2017;12:e0173588.



Curr Addict Rep (2019) 6:229-257

253

38.

39.

40.

41.

42.

4300

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Hardikar S, Hochenberger R, Villringer A, Ohla K. Higher sensi-
tivity to sweet and salty taste in obese compared to lean individ-
uals. Appetite. 2017;111:158-65.

Hardikar S, Wallroth R, Villringer A, Ohla K. Shorter-lived neural
taste representations in obese compared to lean individuals. Sci
Rep. 2018;8:11027.

ter Horst KW, Lammers NM, Trinko R, Opland DM, Figee M,
Ackermans MT, et al. Striatal dopamine regulates systemic glu-
cose metabolism in humans and mice. Sci Transl Med. 2018;10:
eaar3752.

Mason AE, Jhaveri K, Schleicher S, Almeida C, Hartman A,
Wackerly A, et al. Sweet cognition: the differential effects of glu-
cose consumption on attentional food bias in individuals of lean
and obese status. Physiol Behav. 2019;206:264-73.

Mehl N, Mueller-Wieland L, Mathar D, Horstmann A. Retraining
automatic action tendencies in obesity. Physiol Behav. 2018;192:
50-8.

Pepino MY, Eisenstein SA, Bischoff AN, Klein S, Moerlein SM,
Perlmutter JS, et al. Sweet dopamine: sucrose preferences relate
differentially to striatal D2-receptor binding and age in obesity.
Diabetes. 2016;65:2618-23 This is the first study to show that
sucrose preference relates to direct measures of dopamine in
human obesity.

Proserpio C, Invitti C, Boesveldt S, Pasqualinotto L, Laureati M,
Cattaneo C, et al. Ambient odor exposure affects food intake and
sensory specific appetite in obese women. Front Psychol.
2019;10:7.

Voon V, Irvine MA, Derbyshire K, Worbe Y, Lange I, Abbott S,
et al. Measuring “waiting” impulsivity in substance addictions and
binge eating disorder in a novel analogue of rodent serial reaction
time task. Biol Psychiatry Elsevier. 2014;75:148-55.

Voon V, Derbyshire K, Ruck C, Irvine MA, Worbe Y, Enander J, et
al. Disorders of compulsivity: a common bias towards learning
habits. Mol Psychiatry. 2015;20:345-52.

Balodis IM, Kober H, Worhunsky PD, White MA, Stevens MC,
Pearlson GD, et al. Monetary reward processing in obese individ-
uals with and without binge eating disorder. Biol Psychiatry.
2013;73:877-86.

Caravaggio F, Borlido C, Hahn M, Feng Z, Fervaha G, Gerretsen
P, et al. Reduced insulin sensitivity is related to less endogenous
dopamine at D2/3 receptors in the ventral striatum of healthy
nonobese humans. Int J Neuropsychopharmacol. 2015;18:
pyv014.

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.

Dietrich A, Hollmann M, Mathar D, Villringer A, Horstmann A.
Brain regulation of food craving: relationships with weight status
&amp; eating behavior. Int J Obes. 2016;40:982-9.

Eisenstein SA, Gredysa DM, Antenor-Dorsey JA, Green L,
Arbelaez AM, Koller JM, et al. Insulin, central dopamine D2
receptors, and monetary reward discounting in obesity. PLoS
One. 2015;10:e0133621 Public Library of Science. This study
combines a direct measure of central dopamine (D2R-
binding, using PET) with insulin measurements and a behav-
iorally relevant performance measure in human obesity and,
thus, bridges a large gap in the literature.

Gaiser EC, Gallezot J-D, Worhunsky PD, Jastreboff AM, Pittman
B, Kantrovitz L, et al. Elevated dopamine D 2/3 receptor avail-
ability in obese individuals: a PET imaging study with [11 C](+)
PHNO. Neuropsychopharmacology. Nat Publ Group. 2016;41:
3042.

Guo J, Simmons WK, Herscovitch P, Martin A, Hall KD. Striatal
dopamine D2-like receptor correlation patterns with human

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

obesity and opportunistic eating behavior. Mol Psychiatry.
2014/09/09. 2014;19:1078-84.

Horstmann A, Dietrich A, Mathar D, Possel M, Villringer A,
Neumann J. Slave to habit? Obesity is associated with decreased
behavioural sensitivity to reward devaluation. Appetite. 2015;87:
175-83.

Janssen LK, Duif I, van Loon I, Wegman J, de Vries JHM, Cools
R, et al. Loss of lateral prefrontal cortex control in food-directed
attention and goal-directed food choice in obesity. Neuroimage.
2017;146:148-56.

Jonker NC, Glashouwer KA, Ostafin BD, van Hemel-Ruiter ME,
Smink FRE, Hoek HW, et al. Attentional bias for reward and
punishment in overweight and obesity: the TRAILS study. PLoS
One Public Libr Sci. 2016;11:¢0157573.

Karlsson HK, Tuominen L, Tuulari JJ, Hirvonen J, Parkkola R,
Helin S, et al. Obesity is associated with decreased p-opioid but
unaltered dopamine D2 receptor availability in the brain. J
Neurosci Soc Neuroscience. 2015;35:3959-65.

Kastner L, Kube J, Villringer A, Neumann J. Cardiac concomi-
tants of feedback and prediction error processing in reinforcement
learning. Front Neurosci. 2017;11:598.

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 Wiley Online Library.
2014;68:317-20.

Kube J, Schrimpf A, Garcia-Garcia I, Villringer A, Neumann J,
Horstmann A. Differential heart rate responses to social and mon-
etary reinforcement in women with obesity. Psychophysiology.
2016;53:868-79.

Kube J, Mathar D, Horstmann A, Kotz SA, Villringer A,
Neumann J. Altered monetary loss processing and
reinforcement-based learning in individuals with obesity. Brain
Imaging Behav. 2018;12:1431-49.

Lee Y, Kroemer NB, Oechme L, Beuthien-Baumann B, Goschke T,
Smolka MN. Lower dopamine tone in the striatum is associated
with higher body mass index. Eur Neuropsychopharmacol.
2018;28:719-31 A particularly interesting PET-method is used
to quantify dopamine tone specifically in relationship to BMI,
instead of using a D2R-binding ligand that is sensitive to D2R-
availabitility as well as dopamine tone.

Lehner R, Balsters JH, Biirgler A, Hare TA, Wenderoth N. Food-
rredicting stimuli differentially influence eye movements and
goal-directed behavior in normal-weight, overweight, and obese
individuals. Front psychiatry. 2017;8:230.

Liu Y, Roefs A, Werthmann J, Nederkoormn C. Dynamics of atten-
tional bias for food in adults, children, and restrained eaters.
Appetite. 2019;135:86-92.

Lopez RB, Milyavskaya M, Hofmann W, Heatherton TF.
Motivational and neural correlates of self-control of eating: a com-
bined neuroimaging and experience sampling study in dieting
female college students. Appetite. 2016.

Mata F, Treadway M, Kwok A, Truby H, Yiicel M, Stout JC, et al.
Reduced willingness to expend effort for reward in obesity: link to
adherence to a 3-month weight loss intervention. Obesity. John
Wiley & Sons, Ltd. 2017;25:1676-81.

Medic N, Ziauddeen H, Forwood SE, Davies KM, Ahern AL,
Jebb SA, et al. The presence of real food usurps hypothetical
health value judgment in overweight people. Eneuro. 2016;3:
ENEURO.0025-16.2016.

Morys F, Bode S, Horstmann A. Dorsolateral and medial prefron-
tal cortex mediate the influence of incidental priming on economic
decision making in obesity. Sci Rep. 2018;8:17595.

Miihlberg C, Mathar D, Villringer A, Horstmann A, Neumann J.
Stopping at the sight of food — how gender and obesity impact on
response inhibition. Appetite. 2016;107:663—76.

@ Springer



254

Curr Addict Rep (2019) 6:229-257

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Simon JJ, Skunde M, Hamze Sinno M, Brockmeyer T, Herpertz
SC, Bendszus M, et al. Impaired cross-talk between mesolimbic
food reward processing and metabolic signaling predicts body
mass index. Front Behav Neurosci. 2014;8:359.

Tuominen L, Tuulari J, Karlsson H, Hirvonen J, Helin S, Salminen
P, et al. Aberrant mesolimbic dopamine—opiate interaction in obe-
sity. Neuroimage. Elsevier. 2015;122:80-6.

Vainik U, Baker TE, Dadar M, Zeighami Y, Michaud A, Zhang Y,
et al. Neurobehavioral correlates of obesity are largely heritable.
Proc Natl Acad Sci. 2018;115:93127.

Verdejo-Roman J, Vilar-Lopez R, Navas JF, Soriano-Mas C,
Verdejo-Garcia A. Brain reward system’s alterations in response
to food and monetary stimuli in overweight and obese individuals.
Hum Brain Mapp. 2017;38:666—77.

Zhang Z, Manson KF, Schiller D, Levy 1. Impaired associative
learning with food rewards in obese women. Curr Biol. 2014;24:
1731-6.

Navas JF, Barros-Loscertales A, Costumero-Ramos V, Verdejo-
Roman J, Vilar-Lopez R, Verdejo-Garcia A. Excessive body fat
linked to blunted somatosensory cortex response to general reward
in adolescents. Int J Obes. Macmillan Publishers Limited, part of
Springer Nature, 2018;42:88.

Manasse SM, Flack D, Dochat C, Zhang F, Butryn ML, Forman
EM. Not so fast: the impact of impulsivity on weight loss varies by
treatment type. Appetite. 2017;113:193-9.

Simon JJ, Becker A, Sinno MH, Skunde M, Bendszus M, Preissl
H, et al. Neural food reward processing in successful and unsuc-
cessful weight maintenance. Obesity. John Wiley & Sons, Ltd,
2018;26:895-902.

van Ens W, Schmidt U, Campbell IC, Roefs A, Werthmann J.
Test-retest reliability of attention bias for food: robust eye-tracking
and reaction time indices. Appetite. 2019;136:86-92.

Manasse SM, Goldstein SP, Wyckoft E, Forman EM, Juarascio
AS, Butryn ML, et al. Slowing down and taking a second look:
Inhibitory deficits associated with binge eating are not food-spe-
cific. Appetite. 2016;96:555-9.

Franken IHA, Nijs IMT, Toes A, van der Veen FM. Food addiction
is associated with impaired performance monitoring. Biol
Psychol. 2018;131:49-53.

van Dillen LF, van Steenbergen H. Tuning down the hedonic
brain: cognitive load reduces neural responses to high-calorie food
pictures in the nucleus accumbens. Cogn Affect Behav Neurosci.
2018;18:447-59.

Oomen D, Grol M, Spronk D, Booth C, Fox E. Beating uncon-
trolled eating: training inhibitory control to reduce food intake and
food cue sensitivity. Appetite. Elsevier. 2018;131:73-83.

Hare TA, Malmaud J, Rangel A. Focusing attention on the health
aspects of foods changes value signals in vmPFC and improves
dietary choice. J Neurosci. 2011;31:11077-87.

Mehl N, Morys F, Villringer A, Horstmann A. Unhealthy yet
avoidable—how cognitive bias modification alters behavioral
and brain responses to food cues in individuals with obesity.
Nutr Multidiscip Dig Publ Inst. 2019;11:874.

Gillan CM, Kosinski M, Whelan R, Phelps EA, Daw ND.
Characterizing a psychiatric symptom dimension related to defi-
cits in goal-directed control. Elife. 2016;5:¢11305.

Hare TA, Camerer CF, Rangel A. Self-control in decision-making
involves modulation of the vmPFC valuation system. Sci.
2009;324:646-8.

Werthmann J, Jansen A, Roefs A. Make up your mind about food:
a healthy mindset attenuates attention for high-calorie food in
restrained eaters. Appetite. 2016;105:53-9.

Donofry SD, van Zoest W, Moonen A, Sacchetti S, Nederkoorn C,
Roefs A. Effect of dietary restraint and mood state on attentional
processing of food cues. J Behav Ther Exp Psychiatry. 2019;62:
117-24.

@ Springer

89.

90..

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

Oh Y-S, Kim J-S, Hwang E-J, Lyoo CH. Striatal dopamine uptake
and olfactory dysfunction in patients with early Parkinson’s dis-
ease. Parkinsonism Relat Disord. 2018;56:47-51.

Koopman KE, Roefs A, Elbers DCE, Fliers E, Booij J, Serlie MJ,
et al. Brain dopamine and serotonin transporter binding are asso-
ciated with visual attention bias for food in lean men. Psychol
Med. 2016;46:1707-17 Cambridge University Press. This is
one of the few studies that combined a direct measure of do-
pamine (and serotonin) using PET with food-related perfor-
mance measure and food intake in healthy human
participants.

Beste C, Adelhofer N, Gohil K, Passow S, Roessner V, Li S-C.
Dopamine modulates the efficiency of sensory evidence accumu-
lation during perceptual decision making. Int J
Neuropsychopharmacol. 2018;21:649-55.

Pak K, Kim K, Lee MJ, Lee JM, Kim BS, Kim S-J, et al.
Correlation between the availability of dopamine transporter and
olfactory function in healthy subjects. Eur Radiol. 2018;28:1756—
60.

Sorokowska A, Schoen K, Hummel C, Han P, Warr J, Hummel T.
Food-related odors activate dopaminergic brain areas. Front Hum
Neurosci. 2017;11.

Caravaggio F, Raitsin S, Gerretsen P, Nakajima S, Wilson A,
Graff-Guerrero A. Ventral striatum binding of a dopamine D2/3
receptor agonist but not antagonist predicts normal body mass
index. Biol Psychiatry. 2015;77(2):196-202.

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 healthy volunteers
using SPECT and [123I]PE2I. Obesity. 2013;21:1803-6.

Adams WK, Sussman JL, Kaur S, D’souza AM, Kieffer TJ,
Winstanley CA. Long-term, calorie-restricted intake of a high-fat
diet in rats reduces impulse control and ventral striatal D2 receptor
signalling—two markers of addiction vulnerability. Eur J
Neurosci. 2015;42:3095-104.

Zhang C, Wei N-L, Wang Y, Wang X, Zhang J-G, Zhang K. Deep
brain stimulation of the nucleus accumbens shell induces anti-
obesity effects in obese rats with alteration of dopamine neuro-
transmission. Neurosci Lett. 2015;589:1-6.

Jones KT, Woods C, Zhen J, Antonio T, Carr KD, Reith MEA.
Effects of diet and insulin on dopamine transporter activity and
expression in rat caudate-putamen, nucleus accumbens, and mid-
brain. J Neurochem. 2017;140:728-40.

Barry RL, Byun NE, Williams JM, Siuta MA, Tantawy MN,
Speed NK, et al. Brief exposure to obesogenic diet disrupts brain
dopamine networks. PLoS One. 2018;13:¢0191299.

Rospond B, Sadakierska-Chudy A, Kazek G, Kro$niak M,
Bystrowska B, Filip M. Assessment of metabolic and hormonal
profiles and striatal dopamine D2 receptor expression following
continuous or scheduled high-fat or high-sucrose diet in rats.
Pharmacol Rep. 2018.

Hryhorczuk C, Florea M, Rodaros D, Poirier I, Daneault C, Des
Rosiers C, et al. Dampened mesolimbic dopamine function and
signaling by saturated but not monounsaturated dietary lipids.
Neuropsychopharmacology. 2016;41:811.

Ducrocq F, Hyde A, Fanet H, Oummadi A, Walle R, De Smedt-
Peyrusse V, et al. Decrease in operant responding under
obesogenic diet exposure is not related to deficits in incentive or
hedonic processes. Obesity. Wiley Online Library. 2019;27:255—
63.

Labouesse MA, Sartori AM, Weinmann O, Simpson EH,
Kellendonk C, Weber-Stadlbauer U. Striatal dopamine 2 receptor
upregulation during development predisposes to diet-induced
obesity by reducing energy output in mice. Proc Natl Acad Sci.
2018;115:10493-LP — 10498.



Curr Addict Rep (2019) 6:229-257

255

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Hakim JD, Keay KA. Prolonged ad libitum access to low-
concentration sucrose changes the neurochemistry of the nucleus
accumbens in male Sprague-Dawley rats. Physiol Behav. Elsevier.
2019;201:95-103.

Patel JC, Stouffer MA, Mancini M, Nicholson C, Carr KD, Rice
ME. Interactions between insulin and diet on striatal dopamine
uptake kinetics in rodent brain slices. Eur J Neurosci. 2019;49:
794-804.

Robinson MJF, Burghardt PR, Patterson CM, Nobile CW, Akil H,
Watson SJ, et al. Individual differences in cue-induced motivation
and striatal systems in rats susceptible to diet-induced obesity.
Neuropsychopharmacology. 2015;40:2113-23.

Sharpe MJ, Batchelor HM, Mueller LE, Chang CY, Maes EJP, Niv
Y, et al. Dopamine transients delivered in learning contexts do not
act as model-free prediction errors. bioRxiv. 2019;574541.

LiY, South T, Han M, Chen J, Wang R, Huang X-F. High-fat diet
decreases tyrosine hydroxylase mRNA expression irrespective of
obesity susceptibility in mice. Brain Res. 2009;1268:181-9.
Slomp M, Belegri E, Blancas-Velazquez AS, Diepenbroek C,
Eggels L, Gumbs MCR, et al. Stressing the importance of choice:
validity of a preclinical free-choice high-caloric diet paradigm to
model behavioural, physiological and molecular adaptations dur-
ing human diet-induced obesity and metabolic dysfunction. J
Neuroendocrinol. John Wiley & Sons, Ltd (10.1111). 2019;0:
el2718.

Berland C, Cansell C, Hnasko TS, Magnan C, Luquet S. Dietary
triglycerides as signaling molecules that influence reward and mo-
tivation. Curr Opin Behav Sci. 2016;9:126-35.

Cansell C, Luquet S. Triglyceride sensing in the reward circuitry: a
new insight in feeding behaviour regulation. Biochimie. 2016;120:
75-80.

Berthoud H-R, Miinzberg H, Morrison CD. Blaming the brain for
obesity: integration of hedonic and homeostatic mechanisms.
Gastroenterology. 2017;152:1728-38.

Wensveen FM, Valenti¢ S, Sestan M, Turk Wensveen T, Poli¢ B.
The “Big Bang” in obese fat: events initiating obesity-induced
adipose tissue inflammation. Eur J Immunol. 2015;45:2446-56.
Lee M-J, Wang Y, Ricci MR, Sullivan S, Russell CD, Fried SK.
Acute and chronic regulation of leptin synthesis, storage, and se-
cretion by insulin and dexamethasone in human adipose tissue.
Am J Physiol Endocrinol Metab. 2007;292:E858-64.
Ramos-Lobo AM, Donato J. The role of leptin in health and dis-
ease. Temp Multidiscip Biomed J. 2017;4:258-91.

Dunn JP, Kessler RM, Feurer ID, Volkow ND, Patterson BW,
Ansari MS, et al. Relationship of dopamine type 2 receptor bind-
ing potential with fasting neuroendocrine hormones and insulin
sensitivity in human obesity. Diabetes Care. 2012;35:1105-11.
Edwards A, Abizaid A. Clarifying the ghrelin system’s ability to
regulate feeding behaviours despite enigmatic spatial separation of
the GHSR and its endogenous ligand. Int J Mol Sci. 2017;18:
E859.

Le Roux CW, Patterson M, Vincent RP, Hunt C, Ghatei MA,
Bloom SR. Postprandial plasma ghrelin is suppressed proportional
to meal calorie content in normal-weight but not obese subjects. J
Clin Endocrinol Metab. 2005;90:1068-71.

Hernandez D, Mehta N, Geliebter A. Meal-related acyl and des-
acyl ghrelin and other appetite-related hormones in people with
obesity and binge eating. Obesity. 2019;27:629-35.

Dardzinska JA, Matgorzewicz S, Kaska £, Proczko M, Stefaniak
T, Stankiewicz M, et al. Fasting and postprandial acyl and desacyl
ghrelin levels in obese and non-obese subjects. Endokrynol Pol.
2014;65:377-81.

McLaughlin T, Abbasi F, Lamendola C, Frayo RS, Cummings
DE. Plasma ghrelin concentrations are decreased in insulin-
resistant obese adults relative to equally obese insulin-sensitive
controls. J Clin Endocrinol Metab. 2004;89:1630-5.

122.

123.

124.

125.

126.

127.

128.

129..

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Julliard A-K, Al Koborssy D, Fadool DA, Palouzier-Paulignan B.
Nutrient sensing: another chemosensitivity of the olfactory sys-
tem. Front Physiol. 2017;8:468.

Figlewicz DP. Expression of receptors for insulin and leptin in the
ventral tegmental area/substantia nigra (VTA/SN) of the rat: his-
torical perspective. Brain Res. 2016;1645:68-70.

Ferrini F, Salio C, Lossi L, Merighi A. Ghrelin in central neurons.
Curr Neuropharmacol. 2009;7:37-49.

Naef L, Seabrook L, Hsiao J, Li C, Borgland SL. Insulin in the
ventral tegmental area reduces cocaine-evoked dopamine in the
nucleus accumbens in vivo. Eur J Neurosci.; 2018

Stouffer MA, Woods CA, Patel JC, Lee CR, Witkovsky P, Bao L,
et al. Insulin enhances striatal dopamine release by activating cho-
linergic interneurons and thereby signals reward. Nat Commun.
2015;6:8543.

Kullmann S, Heni M, Fritsche A, Preissl H. Insulin action in the
human brain: evidence from neuroimaging studies. J
Neuroendocrinol. 2015;27:419-23.

van der Plasse G, van Zessen R, Luijendijk MCM, Erkan H,
Stuber GD, Ramakers GMJ, et al. Modulation of cue-induced
firing of ventral tegmental area dopamine neurons by leptin and
ghrelin. Int J Obes. 2015;39:1742-9.

Liu J-J, Bello NT, Pang ZP. Presynaptic regulation of leptin in a
defined lateral hypothalamus—ventral tegmental area
neurocircuitry depends on energy state. J Neurosci. 2017;37:
11854—66 In this diet-intervention study in rats, leptin regula-
tion was investigated in both hypothalamus and the dopami-
nergic VTA and could be related to behavioral performance
on a conditioned place preference test.

Galic S, Oakhill JS, Steinberg GR. Adipose tissue as an endocrine
organ. Mol Cell Endocrinol. 2010;316:129-39.

Smitka K, Maresova D. Adipose tissue as an endocrine organ: an
update on pro-inflammatory and anti-inflammatory microenviron-
ment. Prague Med Rep. 2015;116:87-111.

Treadway MT, Admon R, Arulpragasam AR, Mehta M, Douglas
S, Vitaliano G, et al. Association between interleukin-6 and striatal
prediction-error signals following acute stress in healthy female
participants. Biol Psychiatry. 2017;82:570-7.

Harrison NA, Voon V, Cercignani M, Cooper EA, Pessiglione M,
Critchley HD. A neurocomputational account of how inflamma-
tion enhances sensitivity to punishments versus rewards. Biol
Psychiatry. 2016;80:73-81.

Petrulli JR, Kalish B, Nabulsi NB, Huang Y, Hannestad J, Morris
ED. Systemic inflammation enhances stimulant-induced striatal
dopamine elevation. Transl Psychiatry. 2017;7:¢1076.

Felger JC, Treadway MT. Inflammation effects on motivation and
motor activity: role of dopamine. Neuropsychopharmacol Am
Coll Neuropsychopharmacol. 2016;42:216.

Dixit VD, Schaffer EM, Pyle RS, Collins G, Sakthivel SK,
Palaniappan R, et al. Ghrelin inhibits leptin- and activation-
induced proinflammatory cytokine expression by human mono-
cytes and T cells. J Clin Invest. 2004;114:57-66.

Wang X, van Villar A, Tiu A, Upadhyay KK, Cuevas S.
Dopamine D2 receptor upregulates leptin and IL-6 in adipocytes.
J Lipid Res. 2018;59:607—-14.

Ezrokhi M, Luo S, Trubitsyna Y, Cincotta AH. Neuroendocrine
and metabolic components of dopamine agonist amelioration of
metabolic syndrome in SHR rats. Diabetol Metab Syndr. 2014;6:
104.

Alexander GE, DeLong MR, Strick PL. Parallel organization of
functionally segregated circuits linking basal ganglia and cortex.
Annu Rev Neurosci. 1986;9:357-81.

Haber SN, Knutson B. The reward circuit: linking primate anato-
my and human imaging. Neuropsychopharmacology. 2010;35:4—
26.

@ Springer



256

Curr Addict Rep (2019) 6:229-257

141.

142.

143.

144.

145..

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Draganski B, Kherif F, Kloppel S, Cook PA, Alexander DC,
Parker GJM, et al. Evidence for segregated and integrative con-
nectivity patterns in the human basal ganglia. J Neurosci. 2008;28:
7143-52.

Aarts E, van Holstein M, Cools R. Striatal dopamine and the
interface between motivation and cognition. Front Psychol.
2011;2.

Choi EY, Ding S-L, Haber SN. Combinatorial inputs to the ventral
striatum from the temporal cortex, frontal cortex, and amygdala:
implications for segmenting the striatum. Eneuro. 2017;4:
ENEURO.0392-17.2017.

Lippert RN, Cremer AL, Edwin Thanarajah S, Korn C, Jahans-
Price T, Burgeno LM, et al. Time-dependent assessment of
stimulus-evoked regional dopamine release. Nat Commun.
2019;10:336.

Thanarajah SE, Backes H, DiFeliceantonio AG, Albus K, Cremer
AL, Hanssen R, et al. Food intake recruits orosensory and post-
ingestive dopaminergic circuits to affect eating desire in humans.
Cell Metab. 2019;29:695-706 This is the first study that could
show dopamine responses in striatal and frontal regions in
response to food intake in humans using their newly developed
PET-method.

Laubach M, Amarante LM, Swanson K, White SR. What, if any-
thing, is rodent prefrontal cortex? eNeuro Soc Neurosci. 2018;5:
ENEURO.0315-18.

Stroebele N, De Castro JM. Effect of ambience on food intake and
food choice. Nutrition. 2004;20:821-38.

Gaillet-Torrent M, Sulmont-Rossé C, Issanchou S, Chabanet C,
Chambaron S. Impact of a non-attentively perceived odour on
subsequent food choices. Appetite. 2014;76:17-22.

Overberg J, Hummel T, Krude H, Wiegand S. Differences in taste
sensitivity between obese and non-obese children and adolescents.
Arch Dis Child. 2012;97:1048-52.

Proserpio C, Laureati M, Invitti C, Pagliarini E. Reduced taste
responsiveness and increased food neophobia characterize obese
adults. Food Qual Prefer. 2018;63:73-9.

Martinez-Cordero E, Malacara-Hernandez JM, Martinez-Cordero
C. Taste perception in normal and overweight Mexican adults.
Appetite. 2015;89:192-5.

Stafford LD, Whittle A. Obese individuals have higher preference
and sensitivity to odor of chocolate. Chem Senses. 2015;40:279—
84.

Pignatelli A, Belluzzi O. Dopaminergic neurones in the main ol-
factory bulb: an overview from an electrophysiological perspec-
tive. Front Neuroanat. 2017;11:7.

Ilkiw JL, Kmita LC, Targa ADS, Noseda ACD, Rodrigues LS,
Doricux FWC, et al. Dopaminergic lesion in the olfactory bulb
restores olfaction and induces depressive-like behaviors in a 6-
OHDA model of Parkinson’s disease. Mol Neurobiol. 2019;56:
1082-95.

Boswell RG, Kober H. Food cue reactivity and craving predict
eating and weight gain: a meta-analytic review. Obes Rev.
2016;17:159-77.

van den Akker K, Stewart K, Antoniou EE, Palmberg A, Jansen
A. Food cue reactivity, obesity, and impulsivity: are they associ-
ated? Curr Addict Reports. 2014;1:301-8.

Michaud A, Vainik U, Garcia-Garcia I, Dagher A. Overlapping
neural endophenotypes in addiction and obesity. Front Endocrinol
(Lausanne) Front Media S.A. 2017;8:127.

Giel EK, Teufel M, Junne F, Zipfel S, Schag K. Food-related
impulsivity in obesity and binge eating disorder—a systematic
update of the evidence. Nutr. 2017:1170.

Loxton NJ. The role of reward sensitivity and impulsivity in over-
eating and food addiction. Curr Addict Reports. 2018;5:212-22.
Sescousse G, Caldu X, Segura B, Dreher J-C. Processing of pri-
mary and secondary rewards: a quantitative meta-analysis and

@ Springer

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

review of human functional neuroimaging studies. Neurosci
Biobehav Rev. 2013;37:681-96.

Yousuf M, Heldmann M, Géttlich M, Miinte TF, Dofiamayor N.
Neural processing of food and monetary rewards is modulated by
metabolic state. Brain Imaging Behav. 2018;12:1379-92.

Luijten M, Schellekens AF, Kiihn S, Machielse MJ, Sescousse G.
Disruption of reward processing in addiction: an image-based me-
ta-analysis of functional magnetic resonance imaging studies.
JAMA Psychiatry. 2017;74:387-98.

Hendrikse JJ, Cachia RL, Kothe EJ, McPhie S, Skouteris H,
Hayden MJ. Attentional biases for food cues in overweight and
individuals with obesity: a systematic review of the literature.
Obes Rev. Wiley Online Library. 2015;16:424-32.

Roefs A, Franssen S, Jansen A. The dynamic nature of food re-
ward processing in the brain. Curr Opin Clin Nutr Metab Care
LWW. 2018;21:444-8 Interesting review that provides a com-
pelling explanation for the inconsistent results with regard to
food attentional bias and reward processing in obesity and
eating disorders and encourages researchers to take into ac-
count the dynamic nature of these processes.

Lopez RB, Hofmann W, Wagner DD, Kelley WM, Heatherton TF.
Neural predictors of giving in to temptation in daily life. Psychol
Sci. 2014;25:1337-44.

Mathar D, Horstmann A, Pleger B, Villringer A, Neumann J. Is it
worth the effort? Novel insights into obesity-associated alterations
in cost-benefit decision-making. Front Behav Neurosci. 2016;9:
360.

Amlung M, Petker T, Jackson J, Balodis I, MacKillop J. Steep
discounting of delayed monetary and food rewards in obesity: a
meta-analysis. Psychol Med. 2016;46:2423-34.

Barlow P, Reeves A, McKee M, Galea G, Stuckler D. Unhealthy
diets, obesity and time discounting: a systematic literature review
and network analysis. Obes Rev. John Wiley & Sons, Ltd
(10.1111). 2016;17:810-9.

McClelland J, Dalton B, Kekic M, Bartholdy S, Campbell IC,
Schmidt U. A systematic review of temporal discounting in eating
disorders and obesity: behavioural and neuroimaging findings.
Neurosci Biobehav Rev. 2016;71:506-28.

Tang J, Chrzanowski-Smith OJ, Hutchinson G, Kee F, Hunter RF.
Relationship between monetary delay discounting and obesity: a
systematic review and meta-regression. Int J Obes. 2018;43:1135—
46.

Correa M, Carlson BB, Wisniecki A, Salamone JD. Nucleus ac-
cumbens dopamine and work requirements on interval schedules.
Behav Brain Res. 2002;137:179-87.

Salamone JD, Correa M, Farrar A, Mingote SM. Effort-related
functions of nucleus accumbens dopamine and associated fore-
brain circuits. Psychopharmacology. 2007;191:461-82.

Draper A, Koch RM, van der Meer JWM, AJ Apps M, Pickkers P,
Husain M, et al. Effort but not reward sensitivity is altered by acute
sickness induced by experimental endotoxemia in humans.
Neuropsychopharmacology. 2017;43:1107.

Stein JS, Sze YY, Athamneh L, Koffarnus MN, Epstein LH,
Bickel WK. Think fast: rapid assessment of the effects of episodic
future thinking on delay discounting in overweight/obese partici-
pants. J Behav Med. 2017;40:832-8.

Sze YY, Stein JS, Bickel WK, Paluch RA, Epstein LH. Bleak
present, bright future: online episodic future thinking, scarcity,
delay discounting, and food demand. Clin Psychol Sci :A J
Assoc Psychol Sci. 2017;5:683-97.

Dassen FCM, Jansen A, Nederkoorn C, Houben K. Focus on the
future: episodic future thinking reduces discount rate and
snacking. Appetite. 2016;96:327-32.

Daniel TO, Stanton CM, Epstein LH. The future is now: reducing
impulsivity and energy intake using episodic future thinking.
Psychol Sci. 2013;24:2339-42.



Curr Addict Rep (2019) 6:229-257

257

178.

179.

180.

181.

182.

183.

184.

185.

186.

Daniel TO, Stanton CM, Epstein LH. The future is now: compar-
ing the effect of episodic future thinking on impulsivity in lean and
obese individuals. Appetite. 2013;71:120-5.

Daniel TO, Said M, Stanton CM, Epstein LH. Episodic future
thinking reduces delay discounting and energy intake in children.
Eat Behav. 2015;18:20-4.

Peters J, Biichel C. Episodic future thinking reduces reward delay
discounting through an enhancement of prefrontal-mediotemporal
interactions. Neuron. 2010;66:138-48.

Schacter DL, Benoit RG, Szpunar KK. Episodic future thinking:
mechanisms and functions. Curr Opin Behav Sci. 2017;17:41-50.
Bacek K, Morris LS, Kundu P, Voon V. Disrupted resting-state
brain network properties in obesity: decreased global and
putaminal cortico-striatal network efficiency. Psychol Med.
2017;47:585-96.

Lavagnino L, Arnone D, Cao B, Soares JC, Selvaraj S. Inhibitory
control in obesity and binge eating disorder: a systematic review
and meta-analysis of neurocognitive and neuroimaging studies.
Neurosci Biobehav Rev. 2016;68:714-26.

Veling H, Aarts H, Stroebe W. Using stop signals to reduce im-
pulsive choices for palatable unhealthy foods. Br J Health Psychol.
Wiley Online Library. 2013;18:354—68.

Veling H, Aarts H, Stroebe W. Stop signals decrease choices for
palatable foods through decreased food evaluation. Front Psychol
Front. 2013;4:875.

Stice E, Lawrence NS, Kemps E, Veling H. Training motor re-
sponses to food: a novel treatment for obesity targeting implicit
processes. Clin Psychol Rev Elsevier. 2016;49:16-27.

187.

188.

189.

190.

191.

Veling H, Lawrence NS, Chen Z, van Koningsbruggen GM,
Holland RW. What is trained during food go/no-go training? A
review focusing on mechanisms and a research agenda. Curr
Addict Reports. 2017;4:35-41.

Mehl N, Morys F, Villringer A, Horstmann A. Unhealthy yet
avoidable—how cognitive bias modification alters behavioral
and brain responses to food cues in individuals with obesity.
Nutr Multidiscip Dig Publ Inst. 2019;11:874.

Nam SB, Kim K, Kim BS, Im H-J, Lee SH, Kim S-J, et al. The
effect of obesity on the availabilities of dopamine and serotonin
transporters. Sci Rep Nat Publ Group. 2018;8:4924.

Hesse S, van de Giessen E, Zientek F, Petroff D, Winter K,
Dickson JC, et al. Association of central serotonin transporter
availability and body mass index in healthy Europeans. Eur
Neuropsychopharmacol. Elsevier. 2014;24:1240-7.

Koob GF, Volkow ND. Neurocircuitry of addiction.
Neuropsychopharmacology Nat Publ Group. 2010;35:217-38.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Lost in Translation? On the Need for Convergence in Animal and Human Studies on the Role of Dopamine in Diet-Induced Obesity
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Obesity and Diet-Related Dopamine Differences
	Frontostriatal Loops
	Dopamine Modulation of Sensory Inputs
	Neurocognitive Profile of Obesity
	Food Reward Responses and General Reinforcement Learning
	Food-Related Attentional Bias and Craving
	Self-Control and Cost–Benefit Decision-Making
	Behavioural Control and Action Inhibition

	Conclusion
	Appendix Table1
	Appendix Table2
	References
	References
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



