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Perspective food addiction, caloric restriction,
and dopaminergic neurotransmission

Stankowska AUM, Gjedde A. Perspective food addiction, caloric
restriction, and dopaminergic neurotransmission.

People attempt to change their lifestyle when obesity impairs their
quality of life. The attempts often fail when multiple habits must be
changed in unison. Here we explore relations among food addiction, the
neurobiology of habits, and caloric restriction, when people seek to
return to normal eating behaviour, with particular emphasis on the role
of dopaminergic neurotransmission.

Severely obese individuals have specific neurobiological characteristics in
common with drug abusers, including low availability of dopamine receptors
in the striatum, impaired neuronal responses to dopamine, and reduced
activity in prefrontal regions of the cerebral cortex. The neurobiological
characteristics suggest that obese people also have a pathological
dependence in common with addicts, in the form of food addiction.
Malnutrition and dieting both relate to binge eating, possibly as a
compensation for a reduced cognitive reward condition. The combination of
caloric restriction and food addiction imparts a high risk of relapse as a result
of further reduction of dopaminergic neurotransmission and the subsequent
loss of reward. As with drugs of abuse, ingestion of large quantities of sugar
in circumstances of uncontrolled eating increases dopamine release in the
nucleus accumbens. This and other evidence suggests that abuse of food is a
habit learned by means of mechanisms centred in the basal ganglia, with an
increased risk of relapse in the presence of associative amplifiers. This risk is
predicted by the relationship between dopamine receptor availability in the
striatum and sensation-seeking in the form of an inverted U, suggested by
recent findings, consistent with two opposite states of hypodopaminergic

and hyperdopaminergic neuromodulation.
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« With neurobiological similarities among the brain functions of individuals with behaviour suggestive of
addiction, obese individuals with reduced reward sensitivity suffer from pathological addiction to food.

o Both undernutrition and dieting are positively correlated with strong craving for food and accompanying
overeating, evidently as a compensation for reduced activity of neurobiological reward mechanisms.

e The combination of caloric restriction and food addiction alone has a high risk of continued bouts of overeating
as results of the reduced gain from dopaminergic neurotransmission maintained by repeated relapses. The risk
can be diminished by lifestyle modifications that at the very least include exercise and counselling or group
therapy. The inverted U-shaped model is a measure of the efficiency of a given individual’s reward system.

Considerations

o The neurobiological similarities among the brain functions of individuals with behaviour suggestive of
addiction suggest but do not prove that obese individuals with reduced reward sensitivity in fact suffer

from an addiction.
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* The observation that both undernutrition and dieting are positively correlated with a strong craving for
food and accompanying overeating is not in and of itself proof of causation, owing to reduced activity

of neurobiological reward mechanisms.

o The observation that a combination of caloric restriction and food addiction is associated with a high
risk of continued bouts of overeating suggests but does not prove reduced gain from dopaminergic
neurotransmission, as maintained by repeated relapses. Hence, it is not known to what extent lifestyle
modifications such as exercise and counselling or group therapy are in fact effective, nor to what extent
the inverted U-shaped model provides a significant measure of the efficiency of a given individual’s

reward system.

Introduction

In this perspective, we define caloric restriction as
the cessation of systematic overeating and intake
of refined sugars and associated high-calorie
foods, in the context of a return to normative
patterns of food intake. As a lifestyle change,
caloric restriction is not a diet, and hence
excludes food weighing and consultation of calorie
tables but rather an active reliance on individual
physiologically regulated feelings of satiety and
hunger.

In most Western societies, high food availability
makes it unnecessary to be physically active to
obtain food. The acquisition and ingestion of food,
on the other hand, yields rewards that are thought
to be triggered by the release of monoamines,
serotonin, norepinephrine, and dopamine (DA), as
well as opioids, in keeping with the simple
experience that more calories yield more rewards
(1,2). Furthermore, the gut peptides, peptide YY,
glucagon-like peptide 1, ghrelin, and the metabolism-
regulating hormones insulin and leptin are involved
in nutritional homeostasis and reward in the central
nervous system (3,4). Food-induced reward is omni-
present and marketed. Generally, however, it is also
held to be beneficial per se to be physically active (5),
and the exertion yields a reward state of the brain that
is also associated with the release of endorphins and
the monoamines (6).

As evolution may favour the physically least-
demanding approach to survival (7), people tend not
to be more physically active than prescribed by the
anticipation of reward. As physical activity is correlated
negatively with the occurrence of depression (5,6,8),
significant reduction in physical activity therefore
may reduce mood and interfere with appreciation of
the quality of life, through such physical disorders
as impaired bone formation, decreased peristalsis, and
increased fat deposits (9) and possibly the mental
disorder associated with low levels of happiness
because of physical ailments, unless compensated by
the rewards gained by excessive feeding.

Reduced enjoyment of life in the presence of
highly available food can motivate a search for
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alternative reward sources on the basis of the
satisfaction of a feeding—eating instinct that yields
comfort by means of overeating of the fattest and
the sweetest foods that offer the most rewards and
block the mechanisms generating the low mood (10).
A correlation also exists between a genetically
impaired reward system and the propensity for
addiction (11,12). With the potential for abuse
combined with rare physical activity, the most
susceptible individuals gain weight and develop
obesity with accompanying lifestyle limitations (13)
as a result of a process of maladaptive plasticity of
functional brain activity.

A physically non-intrusive treatment of food
addiction is lifestyle transformation with search for
alternative sources of reward (14), constituted in part
by fewer calories compared with the former intake,
and more frequent exercises. The new lifestyle
builds on new habits and the elimination of old
habits. We claim that this revision requires rewiring
of memory networks in the brain by means of
plasticity, which is a time-consuming, unstable, and
dopamine release-dependent learning process (15),
which regularly succumbs to short or permanent
relapses.

Therefore, a better understanding of the neuro-
biology of habit forming helps the dedicated
practitioners maintain the new lifestyle. As DA is
associated with both the formation of habits and
with reward, it is important to review the interaction
between restricted intake of calories and food
addiction. This interaction is reviewed in the present
perspective, with a particular focus on the role of
dopaminergic neurotransmission serving the mala-
daptive plasticity in the brain of people that are
addicted to food. Furthermore, we look for dopami-
nergic patterns as determinants of obesity, thus
excluding important obesity factors, such as social
class, environment, genetic constitution, hormonal
status, and personality traits. Some treatments are
suggested, inspired by the main thesis of this
perspective, that is, that obesity is a form of addiction
to food motivated by a reward-deficiency trait, and
maintained by the consequences of return to reward
deficiency upon abstention from food intake.
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Addiction and dopamine

The World Health Organization (16) defined a
behavioural, cognitive, and physiological state of
addiction known as the dependence syndrome,
characterised by a strong desire to obtain the abused
substance, impaired ability to control its use, and
persistent use of the substance, despite harmful
consequences, with high priority given to the use of
this substance rather than to other activities and
responsibilities, increased tolerance, and followed
sometimes by a physical withdrawal state upon
cessation of use. This state develops after repeated
substance use as the manifestation of identifiable
neurobiological alterations. Drug abusers in general
have low DA D, receptor levels in striatum and a
low DA release (17), which is linked to the
observation that repeated intake of addictive sub-
stances such as amphetamine or cocaine signifi-
cantly downregulates available DA D, receptor
levels, understandable as a compensation for the
high and persistent DA concentration in the synaptic
cleft (18). Gjedde et al. (19) showed that healthy
Danish men who are more sensation-seeking than
other healthy men have significantly fewer available
DA receptors in striatum because a greater fraction
are occupied by the increased extracellular DA. This
greater dopamine in turn is thought to be the result of
constant dopaminergic stimulation, yielding the
lower binding potential (BP) of the receptors. At
the same time, the tissue apparently compensates for
the DA receptor occupation by generating additional
receptors (Fig. 1).

In rats, sensation-seeking has been associated with
the initiation of drug taking rather than with
addiction, in contrast to impulsivity, which predicts
the development of drug addiction (20). The results
of a sibling study suggest that sensation-seeking tends
to be an effect of drug use, whereas impulsivity is
more likely to be the risk factor for addiction (21).
Decreased DA D,;; receptor availability in ventral
striatum has been noted in highly impulsive rats
compared with non-impulsive rats (22), and Ishibashi
et al. (23) recently found a negative correlation
between dysfunctional impulsivity and availability of
DA D, receptors in healthy men.

Individuals with fewer available DA receptors
find the effect of methylphenidate more pleasant
than do subjects with normal receptor availability
who tend to find the effect aversive (24). In this
study, the authors suggest that the given dose may
have been too high for those with higher DA D,
levels, and that a smaller dose may have had a more
pleasant effect, suggesting that drug abusers in
general suffer from lower DA gains in the striatum
(17,19,25).
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Fig. 1. Dopaminergic neurotransmission in relation to the
Zuckerman score found by the Zuckerman questionnaire that
reveals how sensation-seeking a person is. Subjects found
furthest to the right of the figure are the most sensation-
seeking. These individuals also have the largest amount of Dy/3
receptors (blue line), the largest percentage of occupied
receptors (grey line), the smallest neurobiological response to
dopamine (green line), and a reduced binding potential of the
receptors (pink line). The neurobiology of the individuals with
the highest binding potential in the middle is optimal. The
figure is taken from Gjedde et al. (19).

Habituation

First-time ingestion of a palatable food is the key to
release DA into the nucleus accumbens (NA) and
prefrontal cortex (PFC). Repeated ingestion of the
same food releases DA into the PFC and into the
core of the NA, whereas DA release into the shell
of the NA is diminished because of habituation
or learning. Addictive substances such as morphine,
nicotine, amphetamine, and cocaine are charac-
terised by failure of habituation; instead, they release
DA into the shell of the NA upon each exposure,
with strengthened learning at each instance (26).
Everitt and Robbins describe a possible association
between long-term substance abuse and changing
response locations in the brain. According to these
authors, prefrontal cortical regions are active at the
initiation of drug abuse, but the response to drug
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intake eventually and gradually shifts to the striatum,
as the response of the PFC declines. The shift of focus
in the brain reflects the transition from intake of the
drug for enjoyment to the habitual use of the drug.
After prolonged drug intake, a further shift takes place,
as the response of the dorsal striatum now exceeds the
response of the ventral striatum (predominantly NA),
which may reflect the compulsive consumption of the
drug (27). It is a reasonable interpretation of these
transitions that they are initiated by highly active
dopaminergic transmission in the shell of the NA,
related to abuse of the drug. The shell of the NA
affects the core of the NA, which in turn affects the
central striatum (mainly nucleus caudatus) with
passage to the dorsolateral striatum (mainly putamen)
through a dopaminergic pathway (28). However, the
authors acknowledge that there are no sharp distinc-
tions among the three stages.

Food addiction

The neurobiological alterations observed in drug
abusers, including fewer available DA D, receptors,
also appear in obese subjects with body mass indices
(BMI) above 40 (29), with direct comparison of the
two groups (30) showing that greater obesity is
associated with lower receptor availability (Fig. 2).
Subjects with BMI above 40 also have lower
metabolic rates in PFC (17). In a pilot study, the
DA D, receptor availabilities (BPnp) rose as the
BMI fell in four out of five women with gastric
bypass surgery (31), whereas another bariatric surgery
study gave opposite results (32). A questionnaire
examination by Davis and Fox of 369 subjects
revealed an inverted U shape of the correlation
between BMI and reward sensitivity (Fig. 3) (33),
indicating increasing reward sensitivity until a peak at
BMI of 30. After the peak, the sensitivity declined with
increasing BMI. Recent results also reveal a correlation
between binge eating and increased secretion of DA in
the striatum (34), as well as weight gain and reduced
striatal response to palatable food (35). Haltia et al.
(36) found no significant difference in DA receptor
BPNp in relevant brain areas at baseline between
overweight to mildly obese individuals and individuals
with a normal body weight. In this study, the striatal
response to i.v. glucose was characterised by increased
BP in women but decreased BP in men, regardless of
body weight. Davis and Claridge suggest that both
anorexic and bulimic patients may be considered as
addicts, because their position on the addiction scale
according to Eysenck’s personality questionnaire
resembles those of drug abusers in this study (37).
Bohon et al. found differences in which brain regions
were active in emotional eaters versus non-emotional
eaters in response to food, both in depressed and
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Fig. 2. Linear regression between the dopamine D, receptor
availability and body mass index (BMI) in severe obese
subjects. The figure is taken from Wang et al. (29).
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Fig. 3. The correlation between body mass index (BMI) and
reward sensitivity, where 95% of the subjects are located
within the dotted curves. The figure is taken from a study by
Davis and Fox (33).

normal moods. In addition, the emotional eaters had
higher depressive symptoms and a higher expecta-
tion that the eating would eliminate the negative
affect and alleviate boredom (38). Gearhardt et al.
found elevated activity in relevant brain areas during
palatable food anticipation in subjects with food
addiction versus non-food addicts. Further, decreased
activity was seen in left lateral OFC during food intake
in the food addiction group versus non-food addicts
(39). The food addiction versus non-food addiction
groups in this study were assessed with the Yale Food
Addiction Scale (YFAS), developed in accordance
with the DSM-IV-TR substance dependence criteria
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(40). Finally, there is some evidence that eating
disorders, particularly bulimia nervosa (BN), are
associated with the use of psychoactive substances
(41). Most of these human studies point to the
pathological basis of food addiction as a real
disorder, although the role of dopaminergic neuro-
transmission in this context is not clear.

Indeed, several animal studies show that sugar is
addictive. Colatuoni et al. found that intermittent
excessive sugar consumption leads to opioid depen-
dence in rats (42), in agreement with the review of
animal studies by Fullerton et al. (10). The authors
hold that ingestion of sugar causes additional reward
by opioids, with possible increase of the affinity and
number of opioid receptors, which leads to binge
eating and obesity. In a review of rat studies, Avena et
al. suggest that sugar under some conditions can be
addictive, with both neurochemical and behavioural
effects (43). In one such study, Rada et al. intermit-
tently fed sucrose and chow to rats for 21 days. The
intermittent feeding did not blunt the DA release in the
NA shell, in contrast to three groups of rats, one with
ad libitum access to sugar and chow, a second group
that only tasted sugar twice, and a third group that had
intermittent access only to chow (44). These results
may indicate a mechanism of reinforced habituation.
Avena et al. argue that sugar acts as a substance of
abuse when it is consumed in a “binge-like” manner.
Furthermore, the authors explain that the daily
intermittently sucrose- and chow-fed rats did not gain
weight because of compensation for the extra sucrose
calories consumed by decreasing their chow intake.
Another neurobiological indication of sugar as a drug
of abuse is the result of a study on rats by Bello et al.,
in which 7 days of repeated sugar availability
decreased the DA D, receptor binding in the striatum
(45). In a recent study, rats intermittently fed palatable
high-fat sweet pellets developed binge eating and
gained significantly more weight than rats with ad
libitum access to the same pellets, although no
significant withdrawal symptoms were seen between
the two groups, apart from the number of times cages
were crossed (46), which suggests fat as a possible
anxiety reducer. Overall, there is compelling evidence
that sugar in the refined form and in relatively large
amounts is pathologically addictive in rodents.

Caloric restriction

Pothos et al. found that restricted eating with weight
loss in rats lowered the extracellular DA concentra-
tion by 20-50% in the NA, but not in the striatum or
the PFC. Intake of regular rodent chow in this study
resulted in a lower percentage DA release in the
20-30% underweight rats, compared with the
control group, whereas amphetamine injection
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administered locally into the NA caused greater
release of DA in the underweight rats than in the
control rats. No upregulation of DA receptors
compensated for the low levels of DA in the
accumbens of the underweight rats (47). Carr and
Kim later showed that chronic food restriction raises
the reward to substances that bind to DA receptors in
rats (48). Thus, the reward threshold is lower in the
group with food restriction than in those with ad
libitum access to food, and the restricted group
appears to achieve a greater gain from DA when
release is elicited by psychoactive substances.

With respect to the effects of reduced amounts of
calories consumed by humans, Polivy and Herman
indicate that restrictive diets provoke binge eating (49).
In this review based on both clinical and experimental
studies, it is postulated that caloric restriction may lead
to eating disorders. Years later, Bulik et al. examined
108 women with BN and concluded that eating
disorders mainly but not always occur after dieting
(50). In an experiment, 27 obese women were
randomly assigned to an exercise group or a caloric
restriction group, where participants ate 500 fewer
calories every day than usual, or to a control group,
for 7 weeks. At weeks 4 and 6, all subjects
participated in a laboratory session designed to
assess food intake. Results showed that the subjects
in the caloric restriction group ate significantly
more than the subjects in either the exercise or the
control group (51). Ogden described a tendency
to all-or-nothing patterns of thoughts of dieting
individuals, where even a slight excession of
1 day’s quota could lead to binge eating (52). These
findings suggest that a diet as a deliberately chosen
psychological restriction can cause overeating.
Frank et al. found that patients who recovered from
anorexia nervosa (AN) had increased D,/; receptor
binding in the antero-ventral striatum, compared
with control subjects (53). It is not known whether
the increase was due to increased density of the
DA D,; receptors, or increased availability caused
by reduced intrasynaptic DA, and hence reduced
competition with the radioligand.

The inverted U as a model of relations among reward
conditions

The graphs of Figs. 2 and 3 are equivalent functions
of BMI above the value of 40, implying that the
available DA D, receptors and reward sensitivity
may share a common mechanism in obese indivi-
duals, with further reductions of both with further
weight gain. This relationship is consistent with
trends suggested by Fig. 1, in which the number of
available receptors (equivalent with the BP) corre-
sponds to the measure of reward sensitivity shown in
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Fig. 3, both expressing inverted U shapes. Figure 1
also shows that the DA D,;; receptor availability
declines as the sensation-seeking propensity grows.
When compared with the information shown in
Figs. 2 and 3, the relation suggests that overweight
individuals become increasingly sensation-seeking
as the body weight rises. Together, the three curves
work as a model of the efficiency of a given
individual’s reward system. For example, the under-
nourished rats from the study of Pothos et al. (47)
hold positions at the left of the inverted U shape
(Fig. 4), which is consistent with the lower quantities
of DA released by the intake of ordinary foods and
implies reduced reward sensitivity. The increased
DA excretion elicited by the amphetamine admin-
istration to the rats suggests that the gain of reward
from the DA release, because of a psychoactive
substance, is highest at the low BP and low reward
sensitivity at the left of the inverted U shape, where
the effect on euphoria is greater than at the peak of
the inverted U. The feeling of euphoria seems to
depend of the rate at which the extracellular DA
concentration rises to abnormally high levels from
baseline (17). Subjects located to the right of the
peak of the inverted U found the effect of
psychoactive substances more pleasant than subjects
with normal DA receptor levels, presumably because
of decreased availability of DA D, receptors (Fig. 4)
(24), which suggests that the change of extracellular
DA concentration is also greater at the low BPs on
the right side. Thus, the reward from the DA release
by a psychoactive substance seems to be higher at
the extremes of the inverted U than at the peak.
Another possible explanation holds that both gain
and rise of dopamine are greatest at the peak, but the
effect is unpleasant to the individual because of its
magnitude. It is not directly clear where the former
anorexic patients of Frank et al. (53) fit on the
inverted U. The increased BP of [“C]raclopride,
hypothesised to be due to a reduction of DA release,
suggests a shift from the right leg towards the centre
of the inverted U, which is not consistent with the
low BMI values of these patients. The increased
receptor density hypothesis, on the other hand,
suggests a shift from the left leg towards the centre,
which corresponds to the elevated DA receptor
binding as well as their BMI (22 + 3), presumably as
in the case of undernourished rats that resume
feeding (Fig. 4).

Frieling et al. showed that patients with AN have
hypermethylation of the DA receptor D, gene
promotor, such that this gene is significantly less
transcribed in these patients than in control subjects.
Patients with BN, on the other hand, have lower
DA receptor D, gene transcription than control
subjects but higher than in AN patients, albeit not
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Fig. 4. The inverted U model that unites the three previous
figures. Optimal dopaminergic reward occurs at the top in the
middle, whereas reward-deficiency syndrome (RDS) is
hypothesised associated with the extremities of the inverted U.

significantly (54). In the light of this study, the former
AN patients best fit the left side of the inverted U.
Johnson and Kenny found that obese rats addicted
to palatable foods have significantly fewer DA D,
receptors in total compared with normally fed rats
(55), but the ‘sensation-seeking’ propensity of
individual rats is not known, of course. This is in
contrast to a study of male humans, in which Gjedde
et al. (19), on the basis of a mathematical model of
the inverted U concept, estimated that more sensa-
tion-seeking but otherwise normal men of normal
body weight had fewer available DA D,/; receptors
but greater total number of DA D,,; receptors. We
suggest that the reward-deficiency syndrome (RDS)
(12) is linked to the extremities of the inverted U,
implying that reward deficiency can arise from an
absence of stimuli in the presence of a high gain at
the left extremity, as well as from a surfeit of
stimulation with low gain at the right extremity.

Discussion
The complexity of obesity

Although it has been shown that foods such as sugar
can be addictive, it is noteworthy that sugar
addiction in rats does not produce obesity, unless it
is mixed with fat. In a recent commentary, obesity
was held to be the result of chronic psychosocial
stress rather than sugar addiction in humans, as
excessive sugar ingestion reduces the intake of other
foods (56,57).

The role of addiction in obesity is likely complex.
Whereas striatal DA D,/3 receptor downregulation is
seen in compulsive drug use and in extremely obese
people, the changes in dopaminergic neurotransmis-
sion in mild to moderate obesity are unclear. In the
Wang et al. paper (29), which reports decreased
striatal DA D,/; levels in the extremely obese, it is
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noteworthy that the least obese subject in the obese
group with BMI of 42 had striatal DA D,/ levels
actually higher than the mean of the control group.
There are little data regarding DA D, levels for
mildly to moderately obese subjects. Dopaminergic
neurotransmission alone most likely may not be able
to explain obesity because of its multiple elements.
The few studies of extremely obese individuals
hardly give us a platform, from which to draw
conclusions about the development of food addiction
in relation to obesity.

The metabolic regulators insulin, leptin, and
ghrelin are linked to the food reward mechanisms,
as reviewed by Figlewicz and Sipols who hold that
insulin and leptin attenuate the rewards from
dopaminergic neurotransmission that are elicited
by ghrelin (4). Dunn et al. found that acyl ghrelin
levels may be a more important indicator of
dopaminergic neurotransmission than BMI (58).
Gejl et al. found that glucagon-like peptide-1 alters
brain glucose during hyperglycemia (59). These
regulatory hormones are central to the understanding
of obesity, and further investigations into the links to
RDS (12) are mandatory.

Causes of reward deficiency

As the role of dopaminergic neurotransmission in
the development of obesity remains unclear, BMI is
less appropriate as the abscissa in the inverted U
model of Fig. 4. From the study of Davis et al., it
seems that approximately only one fourth of obese
people, with mean BMI under 40, can be diagnosed
as food addicted assessed from the YFAS (60). This
is somewhat consistent with the equivocal neuro-
biology of mild to moderate obesity, although 24.1
percent of the obese subjects in the non-addicted
group had binge eating disorder (BED) in this study.
Thus, it is likely that BED would qualify as a food
addiction disorder on brain scans, at least in rats. To
evaluate dopaminergic neurotransmission as a mar-
ker of food addiction in humans, subjects would
answer an addiction questionnaire such as YFAS or
take a personality test, in addition to the brain scans.

In search for the origin of the lower availability of
DA receptors in people who are not yet addicted, the
contending mechanisms are genetics and epigenetics
or environment (12,17). In terms of the epigenetics,
it is possible that high levels of sugar consumption in
the Western world (61-63) plays an important role
(64), considering the finding that ingestion of high
quantities of refined sugar may lead to opioid
dependence and increased DA release in the NA of
rats (44) and in the striatum of obese individuals
who suffer from BED (34), although the latter study
tested favourite foods rather than sugar. The increased
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release of DA may accompany the development of
RDS, possibly associated with specific abnormalities
(12) of the interaction of genotype and environment,
making some people more vulnerable to obesity.

Regarding genetics. Stice at al. found that
adolescents at high versus low risk of future obesity
had higher sensitivity to food reward, indicating
that addiction starts as hyperreward that mimics
reward deficiency following food/drug induced
downgrading (65). Davis et al. (66) found a correlation
between BED and a mu-opioid receptor gene. Further,
Sinha et al. show a correlation between vulnerability to
stress and addiction or relapse (67). However, we
cannot exclude an environmental influence in either
of these studies.

The relationship between restrictive diets and over-
eating by patients suffering from BN can be explained
in part by a psychological process of all-or-none (52)
and in part by consideration of the neurobiological
relationship between malnutrition and reduced reward
from natural enhancers such as food, at least in rats. It
is possible that undernourished rats gain substantial
rewards only when they overeat. Some researchers
working with rodents utilise the effects of food
deprivation in order to rapidly place the rodents in a
state of addiction. In humans, it is likely that reduced
intake of calories similarly attenuates the biochemical
mechanism of reward, which after a while may trigger
the irresistible urge to engage in binge eating (49-51).
In rodents as well as people, a relation with reward
deficiency is a strong possibility. Thus, it is an
important question, which is the bigger issue, the
sugar or the restriction?

Restoring reward efficiency

As far as we know, there is no evidence of
upregulated dopaminergic activity or density of
DA D,; receptors in the accumbens associated with
weight loss. In the study by Pothos et al. (47), the
absence of compensatory DA D, receptor upregula-
tion can be explained by the absence of prior
downregulation of receptors, as rats were starved
from a baseline of normal bodyweight rather than
obesity. The findings of the upregulation associated
with bariatric surgery are inconsistent. However, in
contrast, we argue that the upregulation is bound to
happen when physical withdrawal symptoms last for
a limited period of time (57 days) after removal of
the abused substance (68). Years after the termina-
tion of abuse, recovered abusers remain at risk of
relapse as a result of the learning imposed by the
abuse on basal ganglia mechanisms by means of
elevated DA release into the shell of the NA (27,28).
In addition the high risk of relapse in recovered
addicts suggests that the number of occupied DA
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receptors is kept constant by alternative behaviour with
dopaminergic effects, if it actually raises DA release as
a sufficient substitute for the earlier abuse, even when
palatable foods fail to elicit the same quantities of
released DA as the erstwhile drugs. At rehabilitation
clinics, young drug abusers significantly gain weight
during the stay. One partial explanation of the weight
gain is the satisfaction of reward needs with food (69).
Another reason for the weight gain may be the use of
psychotropic medication (70). Third, the association of
prolonged drug abuse with low body weight may result
in a significant weight gain upon return to normal life.
The positron emission tomography (PET) and func-
tional magnetic resonance imaging (fMRI) studies on
humans reviewed by Volkow et al. (71) confirm that
the number of available DA receptors remains low in
the striatum, even after prolonged drug freedom.
Overall, it is a clue to the hypothetical condition
when an obese individual, with a presumed addiction
to rewards from food and an established attenuation
of gain from dopaminergic neurotransmission, low-
ers the turnover of DA by avoiding both refined
sugar and periods of overeating, immediately senses
the lack of dopaminergically generated reward, as
predicted by the hypothesis. Therefore, it is reason-
able to conclude that sufficiently strong effects of
caloric restriction alone, in severely obese indivi-
duals but possibly also in people of normal weight,
may lead to compensatory behaviours such as
overeating. This inference is made with the caveat
that neurobiological and psychological differences
may exist between, on one hand, the individuals with
eating disorders and, on the other hand, people who
just happen to be overweight, as well as the
differences that exist between rats and humans.
Because recent studies are lacking, we do consider
the correlation to be insufficiently supported by
evidence, but as a hypothesis it is indeed ready for
further investigation. It is supported by the results of
the meta-analysis offered by Fabricatore et al. (14),
who focus on the relation between weight loss and
the change in depressive symptoms and conclude
that supervised exercise is positively related to
changes in symptoms of depression among partici-
pants engaged in lifestyle modification programs.
The obese individuals, with whom this perspec-
tive is concerned, appear to occupy positions to the
right of the centre of the inverted U curve of the
relation of sensitivity to reward vs BMI (Fig. 4). The
position implies a trait of high sensation-seeking
propensity, manifested as an irresistible urge to
overeat. The overeating of refined sugar and high-
calorie foods keep these individuals at the right of
centre of this curve, as the binges and the overeating
keep the DA receptors relatively more occupied than
at the centre of the curve. The vicious circle can only
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be broken by blocking the excessive food intake,
seen from a neurobiological point of view. We
predict that initially this may be difficult because
everyday life may be less rewarding because of the
low gain from dopaminergic neurotransmission at
the right extremity of the inverted U, consistent with
the low availability of the DA D, receptors, but
perhaps also because of low mood inhibition by
serotonin, a neuromodulator normally released
by carbohydrate ingestion, ultimately accompanied
by the downregulation of serotonin receptors (18).

Deficits of serotonin have been linked to low
mood disorders and depression, induced by dieting
(15), although Fabricatore et al. (14) find that weight
loss associated with lifestyle modification lowers the
symptoms of depression, and Meule et al. (72) find
that rigid control of eating behaviour is correlated
with food craving, compared with a more flexible
control of eating behaviour. Thus, Hagan et al. (73)
suggest that decline of mood in relation to dieting is
associated with actual starvation. From the Minne-
sota starvation experiment, this correlation appears
clear (74). However, we hypothesise that, with
time, as the individuals in question move to the left
towards the peak of the inverted U with the
accompanying rise of BP and available DA recep-
tors, they find it increasingly easy to maintain a
normal eating habit. For this progression to proceed
in the healthiest and fastest way possible, DA-
releasing stimulants, including opioid-releasing sub-
stances, must be avoided, because the stimulants
maintain the low receptor availability and low gain
from dopaminergic neurotransmission. Of course, it
is important to provide the body with sufficient
nutrients to avoid craving, and to enjoy food of good
quality. The limitations imposed by a change of
lifestyle may be suitable only to people who are
sufficiently motivated by surplus energy.

In review, Blum et al. recommend that individuals
with signs of RDS to be treated with selected amino
acids such as bp-phenylalanine, L-phenylalanine,
L-glutamine, L-tyrosine, and L-5-hydroxytryptophan,
and with chromium salts, which are held to stimulate
mechanisms that mimic the brain reward cascade
and induce physiological release of serotonin and
DA without side effects (75). Several studies are
cited as evidence of effects of the recommended
treatment with a list of the alleged function of each
amino acid (76). The intended goal of the supple-
mentation is release of DA in physiologically
moderate amounts. A similar effect may be achieved
by other more alternative activities thought to abate
the sensation of reward deficiency, such as exercise,
yoga, or meditation (77), which are all associated
with claims of reward. Exercise is already a staple
element of the Western wellness lifestyle, and release
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of DA as a result of exercise in the best of cases may
contribute to the acquisition of healthier habits.

Habituation and associative amplifiers

Although the deficient effects of DA and serotonin
may make it difficult to break a habit of overeating
in the short term, as long as other concurrent abuse is
avoided, actual habituation of overeating is a
potential obstacle in the longer term that may trigger
overeating behaviour in the presence of associative
amplifiers (27). Possible individual triggers to
pathological overeating may be stress or feelings
of loneliness or inadequacy (78), acting as associative
amplifiers. Group therapy may be of value, rendering
patients aware of the presence of individual associative
amplifiers and psychosocial stress, as well as cognitive
and dialectic behaviour therapies, which have been
shown to be effective in eating disorders (79,80).

Individuals with a desire for lifestyle change, as
well as substance abusers, may benefit from more
studies of the possible forms of optimisation of DA
release and reversal of receptor upregulation,
accompanied by studies of the induction of reward
sensations by physiological means.
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