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Context: Overlapping neurobiological pathways be-
tween obesity and addiction disorders are currently in
discussion. Whereas the hypothalamic regulation of en-
ergy homeostasis by endocrine feedback signals has been
widely investigated, its interplay with mesolimbic reward-
associated pathways represents a rich field of future re-
search.

Objective: To assess changes in regional brain activa-
tion in response to food-related cues in association with
body mass index (BMI; calculated as weight in kilo-
grams divided by height in meters squared) and the plasma
concentration of the appetite-regulating peptide leptin.

Design: Case-control study.

Setting: Academic addiction and brain imaging center, Cen-
tral Institute of Mental Health, Mannheim, Germany.

Participants: Twenty-one obese subjects (BMI >30) and
23 age- and sex-matched nonobese control subjects (BMI
18.5-24.0) recruited by advertisements.

Main Outcome Measures: Regional brain activation
(blood oxygen level-dependent response) in response to
visual cue presentation and association of the brain ac-
tivation with BMI and plasma leptin concentration.

Results: Significant positive relationships were ob-
served for food cue—induced brain activations in the ven-
tral striatum in association with the plasma concentra-
tion of leptin (r=0.27; P=.04) and with BMI (r=0.47;
P=.001).

Conclusions: Data suggest a physiological role of sati-
ety factors in modulating the responsivity of mesolim-
bic circuits to food cues. Moreover, an altered homeo-
static feedback regulation of reward pathways might
explain addictionlike behavior and the inability of
obese patients to adapt food intake to physiological
needs.
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BESITY IS A VERY EXPEN-
sive health problem that
is growing more preva-
lent every year.'? One of

vanced the view that severe obesity oper-
ates similarly to drug addiction, running
along the same neuronal circuits.'*'* Neu-
roimaging-based approaches using posi-
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the major difficulties with
treating obesity is that, even after success-
ful diets, most patients relapse into their pre-
vious unhealthy eating habits, thereby re-
gaining most, if not all, of their initial
weight.* The specific neural pathways and
mechanisms underlying this excessive calo-
rie consumption are not completely under-
stood.” While the influences of genetic pre-
disposition®” and environmental factors® of
obesity are well known, a clearer under-
standing of neuronal mechanisms that in-
teract with metabolic regulation is needed
to better facilitate the prevention and treat-
ment of obesity.
According to several studies, food in-
take is associated with dopamine release in
striatal regions.”! Some researchers have ad-

tron emission tomography have found evi-
dence of reduced striatal D, receptor
availability in obese and drug-addicted sub-
jects compared with healthy control sub-
jects.’” Wang et al*® also found D, receptor
availability in obese subjects to be nega-
tively correlated with body mass index
(BMI). Two studies applying functional
magnetic resonance imaging (fMRI) al-
lowed a closer understanding of the role of
cue reactivity in obesity and food addic-
tion: the first associated the visual presen-
tation of high-calorie food cues with in-
creased neural activation in mesolimbic
areas,'® and the more recent second study
associated the increased activation in the
dorsolateral prefrontal cortex and caudate
in anticipation of the receipt of food with
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the Yale Food Addiction Scale score, operationalizing sub-
stance-dependence symptoms in eating behavior.'”

In recent years, evidence has accumulated that the ap-
petite-regulating peptide leptin is involved in food-related
reward mechanisms. It has been suggested that leptin, which
is secreted by white adipocytes, acts as a messenger sig-
naling satiety at the hypothalamic level, thus diminishing
food intake.'®* However, leptin was additionally shown to
bind to specific receptors on dopaminergic neurons in the
ventral tegmental area (VTA), inhibiting dopamine signal-
ing in the nucleus accumbens.'*?° Because it affects the
hypothalamic and the mesolimbic pathways, leptin might
provide a link between energy homeostasis and reward-
related behavior.?!?> Moreover, there is evidence that an
elevated leptin concentration is associated with addictive
behavior,”?’ strengthening the hypothesis that leptin in-
teracts with mesolimbic reward pathways.

The first evidence of the possible influence of leptin
on fMRI cue reactivity to visual food stimuli was found
by 2 landmark studies on patients with leptin deficiency
syndrome (LDS), a rare condition that causes hyperpha-
gia and severe obesity.”®* The study by Farooqi and col-
leagues® presented fMRI data from 2 adolescents 7 days
before and after first-ever treatment with peripherally ad-
ministered leptin. The 2 participants underwent scan-
ning while they were presented with food images after
having fasted and also after having eaten. Their hunger
and satiety levels and the degree to which the food im-
ages appealed to them were assessed with the use of vi-
sual analog scales. When the participants were in a leptin-
deficient state, the food images caused marked activation
in the anteromedial ventral striatum and the posterolat-
eral ventral striatum and correlated positively with their
ratings of the food’s appeal in both the fasted and fed states.
After leptin treatment, their hunger decreased and their
satiety increased after meals. Activation in striatal re-
gions was also reduced, correlating only with the food-
appeal ratings after having fasted. Those findings pro-
vided the first evidence that leptin acts on neural reward
circuits governing visual food cues.” However, the stud-
ies left unanswered whether these or similar mecha-
nisms are responsible for diet-induced obesity (DIO) in
the general population.

Herein, we present the first study, to our knowledge,
to investigate whether leptin levels are associated with
the intensity of mesolimbic reactivity to food cues in obese
and nonobese subjects. Our results might help eluci-
date the interaction between the homeostatic regula-
tions of the energy balance and mesolimbic reward path-
ways, thereby enabling future research in obesity to define
more effective treatment targets.

DR METHODS R

PARTICIPANTS

Eighty-five obese individuals responded to our newspaper ad-
vertisements and were subjected to telephone prescreening. Only
individuals meeting the following inclusion criteria were in-
vited for a personal screening: age between 18 and 65 years; a
BMI (calculated as weight in kilograms divided by height in
meters squared) greater than 30; a waist circumference less than

150 cm (to be able to fit into our scanner); the capacity to give
informed consent; no history or current diagnosis of any psy-
chiatric, neurological, neoplastic, or untreated endocrine ill-
nesses (with the exception of nicotine addiction); and no cur-
rent intake of any psychoactive or antiobesity medications.
Individuals with a history of surgical interventions in the gas-
trointestinal system (eg, gastric banding) or contraindications
to fMRI scanning were also excluded. Of the individuals
screened, 21 obese right-handed subjects (15 women and 6 men)
with a mean BMI of 36.9 (range, 30.0-47.5) met the required
inclusion criteria and were subsequently admitted into the study.
For the control group, we used 23 healthy, age- and sex-
matched, nonobese (BMI 18.5-24.0), right-handed subjects (15
women and 8 men) with a mean BMI of 22.1. Five obese par-
ticipants and 7 controls were active smokers. All participants
provided written informed consent, and the study was ap-
proved by the local ethics committee.

TESTING PROCEDURES

Testing for all participants began between noon and 3 pM. All
participants ate a standardized breakfast of 500 kcal 6 hours
before fMRI scanning.

Depressive symptoms were assessed with the Beck Depres-
sion Inventory® and nicotine use with the Fagerstrom Test for
Nicotine Dependence.’ Eating habits were documented via self-
report with the Three-Factor Eating Questionnaire.” After com-
pleting the questionnaires (data not shown), physical measure-
ments were taken. Before scanning, 30 mL of full blood was
drawn from a cubital vein for use in neuroendocrine analyses.

LABORATORY ANALYSIS

Blood samples were anticoagulated with sodium EDTA (1 mg/mL
of whole blood) and immediately cooled onice. Plasma was stored
at -80°C until analysis (maximum length of storage, 6 months).
Hormonal analyses were performed at the Neurobiological Labo-
ratory of the Department of Psychiatry, University of Hamburg
(K.W.). To measure the leptin concentration, we used a human
leptin radioimmunoassay kit (Millipore). The kithad a detection
limit of 0.5 ng/mL for plasma concentrations of leptin; intra-assay
and interassay coefficients of variation were below 8.5% for con-
centrations of 4.9 and 15.7 ng/mL, respectively.

fMRI TASK

We presented 18 blocks of food stimuli and 12 blocks of neutral
stimuli to the participants while they underwent fMRI scanning.
Each block consisted of 5 stimuli of the same category shown for
4 seconds each, resulting in a total block length of 20 seconds.
The order of the stimulus blocks was pseudorandomized, and the
pictures within each block were randomized for each subject. The
food stimuli were arranged in 3 categories: salty high-calorie, sweet
high-calorie, and low-calorie (both salty and sweet). Examples
of the stimuli for the salty high-calorie and neutral categories can
be found in Figure 1. The participants’ food cravings were as-
sessed with a visual analog scale that appeared after each block.
The scale ranged from “very weak” to “very strong” and featured
values ranging from O to 100. Participants had to rate their crav-
ing within 10 seconds. After completing the rating, a fixation cross
was presented for a minimum of 10 seconds. The fMRI task lasted
a total of 18 minutes.

Food stimuli were chosen from a set of pictures that were rated
for their ability to induce food cravings by 44 voluntary partici-
pants at our institution (M.G., C.V., and S.L., unpublished data,
August 2009). Neutral cues were taken from the International Af-
fective Picture Series,*® avoiding pictures of food-related items.
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How strong are your
food cravings now?

Very —————<—— \Very
weak strong

5 Food stimuli for 4 s each
18 Blocks of 20 s each

Rating of food cravings

+

20 s Total

5 Neutral stimuli for 4 s each
12 Blocks of 20 s each

Fixation cross

Figure 1. Functional magnetic resonance imaging block-design paradigm, including examples of food and neutral stimuli. We presented participants with 18
blocks of food stimuli and 12 blocks of neutral stimuli. In each block, 5 stimuli of the same category were shown for 4 seconds each. The order of the stimuli was
pseudorandomized, whereas the pictures in each block were randomized for each subject. The subjects’ food cravings were assessed with a visual analog scale
after each block. The scale featured values ranging from 0 to 100 (very weak to very strong). Participants had to rate their food cravings within 10 seconds. After
rating the craving intensity, participants were presented with a fixation cross for at least 10 seconds.

fMRI ACQUISITION

The scans were performed using a 3-T whole-body tomography
scanner (MAGNETOM Trio with TIM technology; Siemens). We
acquired T2*-weighted, echo planar images of the entire brain.
These images were in a transversal orientation, 30° clockwise to
the anterior commissure—posterior commissure line (repetition
time, 2.41 seconds; echo time, 25 milliseconds; flip angle, 80°;
42 sections; section thickness, 2 mm; 1-mm gap; voxel dimen-
sions, 3 X 3 X 3 mm?; field of view, 192 X 192 mm?; in-plane reso-
lution, 64 X 64). We chose the short echo time and the 30° flip
angle to anterior commissure—posterior commissure orientation
to minimize susceptibility artifacts. We obtained a total of 453
images per subject. We also acquired a T1-weighted, 3-dimen-
sional magnetization prepared rapid acquisition gradient echo data
set consisting of 192 sagittal sections (section thickness, 1 mm,;
voxel size, 1 X 1 X 1 mm; field of view, 256 X 256 mm?; repeti-
tion time, 2300 milliseconds; echo time, 3.03 milliseconds; in-
version time, 900 milliseconds; flip angle, 9°).

Images were presented to the subjects via goggles using an
audio/video system (MRI Audio/Video Systems; Resonance Tech-
nology, Inc). We recorded the behavioral responses and pre-
sented the tasks using Presentation software (version 9.9; Neu-
robehavioral Systems, Inc).

fMRI PREPROCESSING

We used SPMS5 software for preprocessing and statistical analy-
sis of the imaging data (Wellcome Department of Cognitive Neu-
rology). We excluded the first 5 images we acquired from our
analysis to avoid any artifacts caused by the effects of mag-
netic saturation. We performed a spatial realignment on the re-
maining 448 images to correct for head motion. Normaliza-
tion of the images was accomplished using an echo planar
imaging template (Montreal Neurological Institute). The nor-
malized images were smoothed using an isotropic gaussian ker-
nel (8 mm full-width half-maximum).

STATISTICAL ANALYSIS

Our first statistical analysis of the preprocessed fMRI data
was carried out on the individual level. In this analysis, we
modeled the different conditions (salty high-calorie, sweet
high-calorie, low-calorie, and neutral) as explanatory vari-
ables within the context of a general linear model. We mod-

eled the hemodynamic response as boxcar functions con-
volved with a synthetic hemodynamic response function. To
assess differences in brain activation between obese partici-
pants and nonobese controls, we generated individual con-
trast images (contrasting food cues with neutral cues) for
each individual and then included them in our second-level
analyses. We used multiple regression analyses to assess
group differences and the association between brain activity
and both food-related and neutral cues. Moreover, this
approach was also used to compute the influence of BMI and
of leptin concentrations on cue reactivity. The statistical
model included orthogonalized BMI and leptin concentra-
tion, weight group, an interaction regressor for the weight
group X leptin interaction, as well as age and sex. Because
the analyses were strongly hypothesis driven and anatomi-
cally localized to the ventral striatum, we applied the follow-
ing familywise error correction method (P<.05). We
defined the region of interest as the intersection of 2 a priori
derived masks, that is, an anatomical mask for the ventral
striatum and a mask for the main effect of the paradigm
(food >neutral) built by an Statistical Parametric Mapping
t-value map with a threshold of P<<.01. We obtained our
binary mask by retrieving a region of interest mask of the
ventral striatum from the Brede database (http:/neuro.imm
.dtu.dk/services/jerne/brede/) and converting it to a binary mask
with a threshold of P> .25. For exploratory whole-brain analy-
sis, we performed a 1-sample ¢ test of the obese and nonobese
groups using a threshold of P<.05, familywise error cor-
rected, with a minimum cluster size of k=10 adjacent voxels.

For illustration purposes, we extracted the maximum pa-
rameter estimates from the individual contrast images in the
ventral striatum and cross-correlated them with individual leptin
concentrations using SPSS statistical software (version 16.0.2;
SPSS, Inc).

Statistical differences in the demographic and behavioral
data, as well as in the BMI and leptin concentrations, were
likewise analyzed using SPSS software. To assess the associa-
tion between group (obese vs nonobese participants) and
subjective food cravings during the scanning session, as well
as the duration of the food cravings, we conducted a
repeated-measures analysis of variance, with food cravings
as the dependent variable, group as the between-subjects
factor, and time as the within-subject factor. We performed
this analysis separately for the categories of food and neutral
stimuli.
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Table 1. Sample Characteristics, Leptin Concentration, and Craving Measures in 44 Participants
Mean (SEM)
1
Total Obese Nonobese tValue PValue

Sex, F/M, No. 30/14 15/6 15/8
Age, y 40.7 (12.2) 44.0 (12.7) 37.7 (11.4) 1.73 .67
Height, m 1.7 (0.9) 1.7 (0.9) 1.7 (0.1) -1.56 .96
Weight, kg 95.1 (23.2) 105.2 (15.1) 66.6 (10.1) 9.86 <.001
Waist, cm 94.9 (22.8) 116.2 (12.1) 75.6 (7.8) 13.09 <.001
BMI 29.2 (8.6) 36.9 (5.7) 22.1 (1.6) 11.93 <.001
Leptin concentration, ng/mL 17.6 (15.4) 28.4 (14.4) 7.7 (7.6) 597 <.001
Craving

Neutral cues 25.2 (19.8) 23.4 (23.7) 26.8 (15.7) 0.57 .57

Food cues 52.4 (22.3) 52.8 (27.2) 52.1 (17.4) 0.11 .92

Maximum 73.9 (24.1) 71.8 (29.6) 75.8 (18.1) 0.54 .60
Abbreviation: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared).
Table 2. Main Effect in Obese and Nonobese Participants

Cluster MNI Coordinates
Size, I 0
Side Lobe Brain Area? Brodmann Area Voxels X y z .
R/L Occipital Lingual gyrus, middle occipital gyrus, 17,18,19 5329 12 -90 -2 10.86
cuneus, calcarine, inferior occipital gyrus

L Frontal Inferior frontal gyrus 47 52 -24 30 -14 6.61
L Parietal Superior parietal lobule 7 100 -26 -70 46 6.15
L Limbic Cingulate gyrus 23 10 0 -34 32 5.70

Abbreviations: L, left; MNI, Montreal Neurological Institute; R, right.

|ndicates areas that showed a stronger blood oxygen level-dependent response to food cues compared with neutral cues in 44 obese patients and nonobese

control subjects (P < .05, familywise error corrected; cluster size =10 voxels).

BN RESULTS R

The mean (SEM) age of the sample was 40.7 (12.2) years,
with no significant difference between the patients and
controls (P=.67). The mean (SEM) BMI was 29.2 (8.6)
for all participants (range, 18.2-47.5), and their mean
leptin concentration was 17.6 (15.4) ng/mL (range, 0.6-
57.2 ng/mL). Obese participants differed significantly from
the nonobese individuals in terms of BMI (t=11.93;
P <.001) and leptin concentration (t=5.97;P<<.001). The
mean score on the Fagerstrom Test for Nicotine Depen-
dence for the 6 obese participants who smoked was 2.00
(2.53) and for the 7 smokers in the nonobese group was
2.71 (2.56) (t=2.80; P=.03). Table 1 provides a de-
tailed look at the characteristics and leptin measure-
ments of our sample. An exploratory, whole-brain fMRI
analysis of the main effects of our cue reactivity para-
digm showed clusters of brain activation in the visual and
limbic regions (Table 2 and Figure 2).

fMRI CUE REACTIVITY AND ITS
ASSOCIATION WITH BMI

To test the effects of cue presentation on the reward sys-
tem, we performed a hypothesis-driven analysis of stria-
tal blood oxygen level-dependent (BOLD) response. We
defined the region of interest as the intersection of the 2
a priori derived masks (see the “Statistical Analysis” sub-
section of the “Methods” section).

We found a positive correlation between individual
BMI and food cue—induced activation of the ventral stria-
tum (left ventral striatum, t,,.,=4.17; right ventral stria-
tum, tp.=5.44; P<.05, familywise error corrected;
Table 3).

Figure 3A presents a statistical parametric map to
show the association between BMI and BOLD response
in the ventral striatum (P < .005 uncorrected; cluster size
=10 voxels). For illustration purposes, we used the ex-
tracted signal change of the data for correlation. Figure 3B
presents a scatterplot of the correlation between BMI and
BOLD response (r=0.47; P=.001).

EFFECTS OF LEPTIN ON fMRI CUE REACTIVITY

As expected, we detected a positive correlation between
plasma leptin concentration and BMI in our sample
(r=0.46; P=.001). The concentration of leptin in the
plasma differed significantly between obese and non-
obese participants (28.4 vs 7.6 ng/mL; t=5.97;
P<.001). Because other studies have suggested that
leptin regulates body weight by affecting the hypotha-
lamic and mesolimbic pathways, we tested the hypoth-
esis that fMRI reactivity to food cues is associated with
plasma leptin concentration. Our results showed a sig-
nificant positive relationship between plasma leptin
concentration and the BOLD signal in the right ventral
striatum (t,,.=3.64; P<.05, familywise error corrected,
Table 3).
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Figure 2. Maximum intensity projection showing the main effect in obese and nonobese participants (1-sample ftest [N=44], P<.05, corrected for familywise

error; cluster size =10 voxels). A, Sagittal view. B, Coronal view. C, Transverse view.

Table 3. Correlation of BMI and Leptin Plasma Concentration With Food Cue-Induced Striatal Brain Activation in 44 Participants?

MNI Coordinates

Side Brain Area Cluster Size, Voxels X y z .
BMI
L Ventral striatum 39 -22 16 -6 417
R Ventral striatum 59 24 10 -12 5.44
Leptin Plasma Concentration
R Ventral striatum 5 24 8 -10 3.64

Abbreviations: BMI, body mass index; L, left;

Figure 3C shows the association between individual
plasma leptin concentration and BOLD response in the
ventral striatum (P <.005, uncorrected; cluster size =10
voxels). For illustration purposes, we used the ex-
tracted signal change to show the correlation between the
BOLD response and the plasma leptin concentrations.
Figure 3D illustrates the association between plasma leptin
concentration and ventral striatal activation (r=0.27;
P=.04).

We found no association between weight group and
plasma leptin concentrations. There also were no differ-
ences between food categories, most notably between the
high- and low-calorie foods.

SUBJECTIVE FOOD CRAVINGS

We observed no significant difference between the groups
in terms of their subjective food cravings, as assessed dur-
ing the fMRI session following 6 hours of abstinence from
food. The obese and nonobese participants both re-
ported more food cravings after being presented with
blocks of food-related stimuli than after viewing neutral
blocks (mean [SEM] visual analog scale score, 52.4 [3.7]
vs 25.2 [3.0]; P<.001, main effect of category). Both
groups also reported a significant increase in food crav-
ings over the course of the experiment during the neu-
tral blocks (main effect of time, P=.001) and during the
food blocks (main effect of time, P=.003). We found no
interaction between group and block type (ie, food vs neu-

MNI, Montreal Neurological Institute; R, right.
2Contrasting food cues vs neutral cues, P < .05, familywise error corrected.

tral), indicating no difference in cue-induced food crav-
ings between our obese and nonobese participants
(Table 1).

BN COMMENT Ry

The main finding of our study was a significant positive
correlation between plasma leptin concentration and fMRI
BOLD response in ventral striatal regions during the pre-
sentation of visual food cues. We also found BMI to be
positively correlated with brain activation in the ventral
striatum. On an exploratory level of analysis, various ad-
ditional brain areas involved in visual, motivational, and
gustatory processing were activated by food cues.
Previous evidence has suggested that the responsiv-
ity of the mesolimbic reward system increases in re-
sponse to visual food cues in the context of obesity. In a
recent study, high-calorie food cues were demonstrated
to have an effect on mesolimbic BOLD response in a
sample of 13 obese women.'® Our data go beyond this
observation by presenting evidence that BMI and food
cue reactivity are associated: the higher an individual’s
BMI, the more mesolimbic activity followed the presen-
tation of food cues. Moreover, evidence from a recently
published fMRI study'” demonstrated that food addic-
tion scores (as determined on the Yale Food Addiction
Scale) correlated with an elevated BOLD signal in reward-
associated structures (eg, the anterior cingulate, medial
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Figure 3. Blood oxygen level-dependent (BOLD) response in the ventral striatum. A, A statistical parametric map shows the association between BOLD response

in the ventral striatum and body mass index (BMI; calculated as weight in kilo

grams divided by height in meters squared) (P<.005, uncorrected for illustration

purposes; cluster size =10 voxels). B, A scatterplot further illustrates this positive correlation (r=0.47; P=.001). C, A statistical parametric map shows the

association between BOLD response in the ventral striatum and plasma leptin

concentration (P<<.005, uncorrected; cluster size =10 voxels). D, A scatterplot also

illustrates this positive correlation (r=0.27; P=.04). In the statistical parametric map, the color keys represent the ¢ values; in the scatterplots, the solid lines
represent the linear regression fit across all subjects. AU indicates arbitrary units.

orbitofrontal cortex, and amygdala) in response to vi-
sual food stimuli and correlated with reduced BOLD sig-
nals of inhibitory regions (eg, the lateral orbitofrontal cor-
tex) in response to receipt of food.

Based on previous findings in drug addicts,**° it is
possible that reduced dopamine D, receptor availability
in the ventral striatum of obese individuals is at least partly
responsible for this effect.”” Whether this reduced avail-
ability of dopamine D, receptors represents a downregu-
lation of reward circuits'**" following overstimulation re-
mains to be elucidated. In the case of alcoholism, an
inverse correlation has been demonstrated between me-
solimbic D, receptor availability and cue reactivity,** sug-
gesting that reduced basal activity might be accompa-
nied by an increased sensitivity toward external
stimulation.?® Recent preclinical data using animal mod-
els support this hypothesis, showing that extended ac-
cess to high-calorie foods causes downregulation of dopa-
mine D, receptors in rats in addition to addictionlike
reward deficits and the accompanying compulsive food-
seeking behavior.?

Our observations of the interaction between plasma
leptin concentrations and fMRI cue reactivity constitute
preliminary evidence that leptin plays a regulatory role

34-36

in the processing of food-related stimuli in obese indi-
viduals.

This finding expands on insights derived from stud-
ies performed on patients with a rare genetic defect lead-
ing to LDS. The study by Farooqi et al** found the pre-
sentation of visual food cues in 2 patients with LDS to
be associated with increased striatal activation, which was
neutralized by intravenous application of recombinant
leptin. Furthermore, after leptin treatment, hunger de-
creased and satiety increased after meals and activation
in striatal regions decreased. This decrease in activation
was also found to be correlated with the subjects’ prior
ratings of the appeal of food pictures, albeit only when
they were in the fasted state.

A second fMRI study*® measured 3 subjects with LDS
who had been undergoing leptin-substitution therapy for
many years, before and after discontinuing their leptin treat-
ment. After discontinuing leptin treatment, the patients
showed increased visual food cue—induced signal change
in regions linked to hunger (the insula and the parietal and
temporal cortices) and decreased activity in frontal areas
linked to inhibition (the prefrontal cortex).

In addition, further results in a magnetic resonance mor-
phometry study* demonstrated in patients with LDS that
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long-term leptin replacement therapy resulted in an in-
crease of gray matter tissue in the frontal cortex, primarily
in the left anterior cingulate gyrus. Gray matter tissue was
also increased in the left inferior parietal lobule and the left
cerebellum structures, which have been implicated in pro-
cessing and regulating hunger and satiation.*!

All these studies included only a few patients with the
very rare LDS, but their results already suggest that leptin
might exert its appetite-regulating effect at least in part
by interacting with the mesolimbic pathways. A study in
rodents demonstrated that a chronic reduction of leptin
receptor activity in the VTA using short interfering RNA
knockdown enhances sensitivity to highly palatable
foods.?® Moreover, rodents treated with a leptin antago-
nist and given access to a high-fat diet developed signifi-
cantly greater hyperphagia and weight gain than did con-
trol rodents that were exposed to a high-fat diet without
any additional treatment.*

Notably, data from Farooqi et al,?® which show that
increased plasma leptin concentrations cause decreased
striatal activation in LDS, stand in contrast to our re-
sults. We strongly believe that this fundamental diver-
gence between our results originates in the different study
populations. The obese participants recruited for our study
had DIO, had high plasma concentrations of leptin, and
likely had developed an acquired relative leptin resis-
tance, whereas individuals with LDS, such as those in the
study by Farooqi et al, had a congenital lack of leptin.

Research on elevated plasma leptin concentrations in
DIO suggests that leptin may be ineffective in signaling
satiety. For this reason, some have hypothesized that obese
individuals with significantly increased leptin levels have
become relatively resistant to the catabolic effect of leptin.*

Although the DIO model is complex and because we
lack definitive evidence showing which factors are re-
sponsible for the impairment of leptin’s homeostatic ef-
fect, acquired leptin resistance appears to involve cen-
tral (abnormalities on receptor and/or postreceptor
signaling) or peripheral (abnormalities in transport across
the blood-brain barrier) alterations to physiological
mechanisms or both. (For more detailed insight into leptin
resistance, see Scarpace and Zhang** and Meyers et al.**)

Moreover, preclinical research with rodents has dem-
onstrated that congenital leptin deficiency causes sig-
nificant changes in leptin-sensitive hypothalamic neu-
rons.” One can assume that similar changes, such as
altered leptin-dependent synaptic plasticity in the VTA,
occur in the brain morphologic features of individuals
with LDS.

Physiologically, leptin binds to specific leptin recep-
tors and activates Janus kinase 2, which subsequently
phosphorylates signal transducers and transcription ac-
tivators (STAT), in particular, STAT3. STAT3 activates
the transcription of pro-opiomelanocortin, which medi-
ates the effect of leptin on certain areas in the central ner-
vous system.*” For this reason, impaired STAT3 phos-
phorylation has been identified as one marker of cellular
leptin resistance.*

In rodents with DIO, the STAT3 phosphorylation of
neuropeptide Y neurons, which are responsible for the
anorexigenic effect of leptin, is dramatically diminished
within the arcuate nucleus of the hypothalamus.*

Additionally, a recently published study™ on rats with
DIO has identified the VTA as another specific region of
cellular leptin resistance, as measured using reduced
STAT3 phosphorylation. These data suggest that DIO-
induced leptin-resistance diminishes the dopamine-
reducing firing of leptin neurons from the VTA into the
nucleus accumbens.

In addition to its effects on appetite regulation, leptin
has been found to affect addictive behavior by increas-
ing the reward value of external stimulation.” This hy-
pothesis has been supported by preclinical and clinical
data that have shown increased leptin activity to be as-
sociated with addictive behavior, craving, and reward ex-
pectation. 279153

Although the approach is likely far too simplistic, we
surmise, based on the preclinical research mentioned as
well as our current findings, that an acquired impair-
ment of the dopamine-reducing leptin effect in the nucleus
accumbens combined with an acquired reduction of stria-
tal D, receptors (caused by a high-calorie diet) might re-
sult in hyperreactivity of the mesolimbic system toward
reward-predicting cues in obese subjects—similar to what
we see in patients with addiction disorders. This might
explain why obese individuals are unable to adapt their
responsivity to food cues and, consequently, their food
intake according to their physiological needs.

We detected no significant group difference in sub-
jective food cravings assessed during the fMRI session
following 6 hours of food abstinence. Obese and non-
obese participants reported more increased food crav-
ing after viewing food blocks than they did after view-
ing neutral blocks, and they reported a significant increase
in food cravings during the course of the experiment in
both the neutral and the food blocks. No interaction be-
tween group and category (food vs neutral) was found,
indicating the absence of differences in cue-induced food
cravings between obese and nonobese participants.

However, craving represents a subjective measure in-
fluenced by an unclear number of physiological as well
as implicit and explicit cognitive factors; even in studies
on alcohol and drug addiction, low construct validity has
been a repeated complaint.’*** In addition, Bartoshuk et
al’® demonstrated that the use of conventionally labeled
scales (taste related) does not take into account that taste
varies genetically (supertasters, weak tasters, and non-
tasters), thereby rendering comparisons across taste
groups based only such scales invalid. This could be one
reason why we found no association between craving and
fMRI cue reactivity in our study.

The correlation between plasma leptin concentra-
tion and striatal BOLD response to food cues does not
necessarily imply causation. Furthermore, our region of
interest was limited to the ventral striatum.

Given that smoking is associated with appetite and
plasma leptin concentration,” our inclusion of smokers
might represent another limitation of our study design. In
addition, other eating-related hormones have been de-
scribed as affecting the projection of dopamine from the
VTA to the nucleus accumbens. The gastric-derived pep-
tide ghrelin affects brain circuits involved in energy bal-
ance, stimulates accumbal dopamine release, and may in-
crease the incentive value of food intake.”® Moreover, there
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is substantial evidence suggesting that the catabolic pep-
tide insulin acts in the VTA to suppress dopaminergic trans-

mission and hedonic feeding.”® In our experiment, how- s
ever, we focused solely on leptin and did not collect data 18.
concerning ghrelin or insulin.

These shortcomings notwithstanding, our data pro- 18.

vide evidence that leptin plays a physiological role in
modulating the responsivity of reward pathways to food 20
cues and also suggest that the homeostatic feedback
mechanism between leptin and mesolimbic reward func-

tion might be impaired in obese patients. To put this in 2.

perspective, we believe that by contributing to a better
understanding of the impaired interaction between ho- 99
meostatic and motivational pathways in obesity, these

findings could help identify new entry points for the trans- 23.

fer of various psychotherapeutic and pharmaceutical in-

terventions that have been successfully tested in addic- 24
tion research to the treatment of obesity. 25
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