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Timing of caloric intake during weight loss
differentially affects striatal dopamine transporter
and thalamic serotonin transporter binding
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ABSTRACT: Recent studies have shown thatmeal timing throughout the day contributes tomaintaining or regaining
weight afterhypocaloric diets.Althoughbrain serotonin anddopamine arewell known tobe involved in regulating
feeding, it is unknown whether meal timing during energy restriction affects these neurotransmitter systems. We
studied the effect of a 4wkhypocaloric diet with either 50%of daily calories consumed at breakfast (BF group) or at
dinner (D group) on hypothalamic and thalamic serotonin transporter (SERT) binding and on striatal dopamine
transporter (DAT) binding. The BF andD groups lost a similar amount of weight. Striatal DAT and thalamic SERT
binding increased in theBFgroup,whiledecreasing in theDgroupafter thediet (DDAT0.376 0.63vs.20.536 0.77,
respectively;P = 0.005;DSERT 0.126 0.25 vs.20.136 0.26 respectively, P = 0.032). Additional voxel-based analysis
showed an increase inDAT binding in the ventral striatum in the BF group and a decrease in the dorsal striatum in
the D group. During weight loss, striatal DAT and thalamic SERT binding increased weight independently when
50% of daily calories were consumed at breakfast, whereas it decreased when caloric intake was highest at dinner.
These findings may contribute to the earlier reported favorable effect of meal timing on weight maintenance after
hypocaloricdiets.—Versteeg,R. I., Schrantee,A.,Adriaanse,S.M.,Unmehopa,U.A.,Booij, J.,Reneman,L., Fliers, E.,
la Fleur, S. E., Serlie, M. J. Timing of caloric intake during weight loss differentially affects striatal dopamine
transporter and thalamic serotonin transporter binding. FASEB J. 31, 4545–4554 (2017). www.fasebj.org
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Preventing weight regain after weight loss is a major
challenge in the treatment of obesity, given that weight
maintenance is difficult to achieve in the long term (1, 2).
Postdieting weight regain is probably caused by a physi-
ologic adaptation in response to the weight loss or to
persistent dysregulation of food intake associated with
obesity.Afterweight loss, long-termchanges in circulating
appetite-related signals such as leptin, ghrelin, and pep-
tide YY promote food intake favoring subsequent weight
regain (3). Besides total caloric intake, recent studies
highlighted the importance of meal timing in modulating
bodyweight and food intake. First, animal studies showed

that feeding at an inappropriate time (i.e., during the light
phase in nocturnal animals), resulted inmorebodyweight
gain (4). Second, in humans, several cross-sectional studies
reported that eating most of the daily calories in the eve-
ning is associated with higher caloric intake and body
weight (5, 6). Third, dietary intervention studies in obese
humans showed that during energy restriction, eating
most of the daily calories in the morning compared to the
evening, resulted inmore weight loss (7). Jakubowicz and
colleagues (8) also showed that subjects who consumed a
larger breakfast were more successful in maintaining re-
duced body weight and even continued losing weight,
whereas weight regain was observed in subjects who
consumed a larger dinner. These data suggest that during
caloric restriction, timing of food intake is an important
determinant of long-term weight loss.

Body weight and food intake are under tight control of
several brain pathways, including hypothalamic neuronal
circuits that orchestrate energy homeostasis upon endo-
crine and metabolic signals and brain reward circuitries
involved in the hedonic aspects related to food (9, 10).

Within the hypothalamus, the neurotransmitter sero-
tonin plays a central role in food intake by acting as an
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appetite suppressant. Serotonin signaling is in part regu-
lated by the serotonin transporter (SERT), which controls
the available serotonin within the synaptic cleft. Several
studies reported altered central SERT binding in obese
humans (11–13). Moreover, short-term use of selective se-
rotonin reuptake inhibitors (SSRIs) reduce food intake (14),
whereas long-term use is associated with obesity (15). In
addition, we recently showed lower diencephalic SERT
binding in humanswith insulin-resitant obesity compared
to leancontrols (16), andwe founda30%reduction inSERT
binding in response toahypercalorichigh-fat, high-sucrose
snacking diet in lean humans (17). Thus, lower SERT is
associatedwith obesity and is affected by diet composition
and meal pattern. At present, it is unknown whether re-
duced SERT is a cause or a consequence of obesity and
whether reduced SERT is reversible after weight loss.

The dopaminergic system is involved in the reinforcing
value of food, and consumption of calorie-dense food in-
duces dopamine release in the striatum (18). There is a
largebodyof evidence suggesting thatdown-regulationof
the dopamine-based reward circuitry in obese subjects
contributes to compensatory overeating [for a review see
Volkow et al. (10)]. In this regard,we showed lower striatal
dopamineD2/3 receptor binding aswell as blunted striatal
dopamine release in obese humans (19, 20), which may
reflect a hypodopaminergic state. However, there is con-
troversy about the role of the dopamine transporter
(DAT), which plays an important role in the regulation of
synaptic dopamine levels in obesity. Some studies re-
ported no correlation (12, 21), whereas others showed a
negative correlation between striatal DAT availability and
bodymass index (BMI) (22). In rodents fed a high-fat diet,
striatal DAT binding was reduced (23–25) and dopamine
receptoragonists reduce food intake that is associatedwith
an increase in DAT binding in the nucleus accumbens
shell (26). In addition, the dopamine and norepinephrine
reuptake inhibitor methylphenidate has an anorexigenic
effect in both animals (27) and humans (28), whichmay be
mediated via increased availability of synaptic dopamine
levels.

In summary, weight regain after diet-induced weight
loss is a frequently observedphenomenon and reduces the
long-term efficacy of dietary interventions for obesity. The
determinants of weight regain are only partly understood
and include long-term changes in appetite-related meta-
bolic signals favoring food intake as well as meal timing
during the hypocaloric diet phase (29, 30). Whether meal
timing during weight loss can influence cerebral seroto-
nergic and dopaminergic pathways is unknown. We
therefore investigated the effect of consuming 50%ofdaily
calories at breakfast vs. at dinner on SERT and DAT
bindingduringaweight loss intervention study in subjects
with insulin-resistant obesity.

MATERIALS AND METHODS

Subjects

We included 25 obese (BMI$30 kg/m2, age 50–80 yr) men with
a stable weight 3 mo before inclusion. All subjects had im-
paired fasting glucose, defined as fasting plasma glucose levels

$5.6 mM, or insulin resistance (defined as fasting insulin levels
$73 pM), or both (31). Exclusion criteria were use of any medi-
cation except for anticoagulants, 5-a reductase inhibitors and
drugs related to treatment of components of the metabolic syn-
drome (excluding insulin, oral glucose-lowering drugs, and b
blockers), history of any psychiatric disorder, shift work, irreg-
ular sleep pattern, regular vigorous exercise, restrained eating,
history of eating disorder, alcohol/drug abuse, and smoking.
Subjects were recruited via local advertisements. The trial was
performed from November 2014 through January 2016 and
registered at The Netherlands National Trial Register as NTR-
5399. All subjects providedwritten informed consent. The study
was approved by themedical ethics committee of the Academic
Medical Centre, Amsterdam, and was conducted according to
the Declaration of Helsinki of October 2013.

Diet intervention and randomization

We performed a 4-wk randomized intervention trial. At in-
clusion, the Munich ChronoType Questionnaire was used to
determine subjects’ chronotype and the Eating Disorder
Examination-Questionnaire to assess restrained eating be-
havior. After inclusion, subjects started a 1-wk run-in phase
and consumed a eucaloric weight-maintaining diet based on
measured resting energy expenditure (REE). REE was mea-
sured by using indirect calorimetry (Vmax Encore 29; Care-
fusion, San Diego, CA, USA) at the beginning and end of the
run-in week and was used to calculate the caloric need (50%
of caloric need calculated as 1.3 3 REE 3 0.5) during the
hypocaloric diet intervention. After the run-in week, subjects
were randomized into one of the two diet intervention
groups. The breakfast group (BF group) consumed 50% of the
daily calories at breakfast, 35% at lunch, and 15% at dinner.
The dinner group (D group) consumed 15% of the daily cal-
ories at breakfast, 35% at lunch, and 50% at dinner. Subjects
followed the hypocaloric diet for 4 wk. Breakfast and dinner
consisted of a protein-enriched liquid drink (Fresubin protein
energy drink; Fresenius Kabi, BadHomburg, Germany), with
a nutritive value of 1.5 kcal/ml; 27% energy from protein,
32.3% from carbohydrates, and 40% from fat (9% saturated
fatty acids, 73% monounsaturated fatty acids, and 18%
polyunsaturated fatty acids) and by 1 bar (Modifast Proti-
Plus; Nutrition and Santé Benelux, Breda, The Netherlands)
with a nutritive value of 94 kcal; 36% energy from protein,
36% from carbohydrates, and 28% from fat (36% saturated
fatty acids). The amount of liquid drink per serving was cal-
culated based on daily caloric need. Protein intakewas 0.826
0.1 g/kg. For lunch, subjects chose from different sandwiches
consisting of sandwiches with savory fillings. All lunch op-
tions contained the same amount of kilocalories and had the
same macronutrient composition, and the amount of sand-
wiches to be consumed was calculated based on daily caloric
need. Subjects consumed their breakfast between 7 and 9 AM,
lunch between 12 and 2 PM, and dinner between 6 and 8 PM.
They visited the research unit weekly for dietary monitoring
and body weight control. REE was performed weekly.
To increase dietary compliance, subjects reported their food
intake and meal timing on a diet diary and online using
www.mijnvoedingscentrum.nl/eetmeter. An overview of
the study design is presented in Fig. 1.

Endpoints and sample size determination

The primary endpoints were serotonin and dopamine trans-
porter binding. Secondary endpoints were food intake-related
hormones and hunger scores. The studywas powered to detect a
15%difference in thespecificbinding ratioof 123I-FP-CITtoSERT,
basedona studywherewe founda 30%reduction in this binding
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ratio of 123I-FP-CIT to SERT in the diencephalon after a hyper-
caloric snacking diet for 6 wk (0.656 0.15 vs. 0.46 6 0.13, mean
difference 0.19 6 0.07) (17). Based on this result, a sample size
calculation was performed with a significance level of 0.05,
power of 90%, SD of 0.07, and difference in effect size of 15%.
Power analysis was performed with nQuery Advisor 7.0 (Stat-
sols, Cork, Ireland).

Single photon emission computed tomography

Before and after the diet and after an overnight fast,
subjects underwent single photon emission computed to-
mography (SPECT) 2 and 3 h after intravenous admin-
istration of ;100 MBq 123I-FP-CIT (specific activity,
.750 MBq/nmol; radiochemical purity, .98%, produced
according to good manufacturing practices criteria at GE
Healthcare, Eindhoven, The Netherlands). This radio-
tracer binds predominantly to DAT in the striatum and to
SERT in extrastriatal brain areas, as validated earlier (32).
Extrastriatal SERT and striatal DAT binding can be assessed
optimally at 2 and 3 h after bolus injection, respectively, as
previously described (33). Participantswere scanned at 10:30 AM

(i.e., 2 h after bolus injection of the radiotracer) and at 11:30 AM

(3 h after injection). Each participant was pretreated with po-
tassium iodide to block thyroid uptake of free radioactive io-
dide. SPECT imaging was performed with the Inspira HD
system, a brain-dedicated tomographic SPECT scanner (Neu-
rologica, Boston, MA, USA) with the following parameters:
acquisition time per slice = 180 s; slice thickness = 4 mm; slices
were acquired from the level of the cerebellum up to the stria-
tum; energy window = 159 keV 6 20%. An adult head CT
template was manually aligned in a rigid transformation and
used for attenuation correction. An Iterative Expectation
Maximization Algorithm tailored to the unique method of
sampling across the field-of-view with a point-spread
function correction was used to reconstruct the data into
3-dimensional images.

MRI

A T1-weighted (T1w) MRI scan of the brain was obtained for
anatomic reference on a 3.0-T Ingenia scanner (Philips
Healthcare, Best, The Netherlands) with a 32-channel receive-

only head coil, and the following scan parameters: TR/TE =
7/3.18 ms; flip angle = 9°; 1 mm isotropic resolution. The
individual SPECT scan was coregistered to each individual
MRI scan using 6-parameter rigid body registration in SPM
(SPM 8; Wellcome Trust Centre for Neuroimaging, London,
United Kingdom). To optimize registration, a high-intensity
striatalmaskwas superimposed on the T1w scan to resemble
the contrast on the SPECT scan (Fig. 2 depicts a representa-
tive image).

ROI analysis

ROI analysis was performed to determine DAT binding in the
striatum, and SERT binding in the thalamus and hypothalamus
(Fig. 3A). Striatal and thalamic masks were extracted from in-
dividual T1w MRI scans using Freesurfer 5.3.0. (34, 35). Hypo-
thalamic masks were manually drawn on the individual T1w
MRIwith ITK-SNAP 3.4.0 [Penn Image Computing and Science
Laboratory (PICSL), University of Pennsylvania, Philadelphia,
PA, USA], by using anatomic landmarks, as described (36). We
usedmanually drawn ROIs because it is not possible to identify
binding in the hypothalamus on SPECT images due to limited
spatial resolution and manual drawing has been shown to be a
reliable method (37).The cerebellum was used as a reference
region for nondisplaceable binding (nonspecific binding and
free radioactivity). To obtain individual cerebellarmasks in T1w
space, the cerebellum (without vermis) from the Harvard-
Oxford subcortical atlas (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases)
was warped to the individual T1w MRI by using FSL 5.0.6
(FMRIB Software Library; University of Oxford, Oxford, United
Kingdom). Subsequently, all ROIs were resliced to the SPECT
scan. Specific to nonspecific binding ratios were calculated as
follows: (mean ROI binding 2 mean nonspecific binding
assessed in the cerebellum)/mean nonspecific binding cerebel-
lum, which represents the binding potential (SNS-BR).

Voxel-based analysis

Toconfirmthe findingsof theROIanalysis in the striatum,aswell
as to evaluate DAT binding in subdivisions of the striatum, we
also assessed changes in DAT binding over time, within groups
at a voxel level, using the FMRIB software (38), as different parts
may represents different functions (39, 40). First, individual

Figure 1. Study design.

Figure 2. SPECT coregistered to individual
MRI.
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binding ratios were determined by subtracting the cerebellar
mean count (as specified above) from all voxels and dividing
all voxels by cerebellar mean count. Second, these individual
images were registered to standard 2-mm MNI space (MN152),
usinga 9 df translation.Next, apermutation-basednonparametric
test (5000 permutations) (41) was performed, implementing
threshold-free cluster enhancement at P , 0.01 (42). This calcu-
lationwasperformed solelywithin the striatum, as definedby the
Harvard-Oxford subcortical atlas.

Hunger scores

Hunger and appetite scores were assessed using 10-cm visual
analog scales after an overnight fast on the same day as the
SPECT scans were performed.

Laboratory analysis

Plasmaglucose levelsweredeterminedusing theglucoseoxidation
method with the Biosen glucose analyzer (EKF Diagnostics,

Barleben, Germany). Insulin levels were determined by immuno-
assay on an Immulite 2000 system (Diagnostic Products, Los
Angeles,CA,USA), and leptin andghrelinweremeasuredwith an
125I radioimmunoassay (EMD-Millipore, Billerica, MA, USA) (43,
44).

Statistical analysis

Normally distributed variables are presented asmeans6 SD and
nonnormally distributed variables asmedianswith interquartile
range (IQR). Baseline characteristics between the BF and D
groups were compared by a 2-sided, nonpaired samples Stu-
dent’s t test. Within-subject changes before and after the diet
were analyzed with a 2-sided, paired samples Student’s t test
for normally distributed variables or using a related-samples
Wilcoxon signed rank test for nonnormally distributed vari-
ables.We used a 2-sided, nonpaired Student’s t test to compare
differences in change over time between the BF and D groups
for normally distributed variables and aMann-Whitney test for
nonnormally distributed variables. All data were analyzed
using SPSS for Windows, v.23 (IBM Inc., Armonk, NY, USA).

Figure 3. Striatal DAT and thalamic and
hypothalamic SERT binding. A) ROI mask of
striatum (blue), thalamus (green), and hypo-
thalamus (red). B, D, F) Overall, striatal DAT
binding ratios (B) and hypothalamic (D) and
thalamic (F) SERT binding ratios did not differ
significantly before and after the hypocaloric
diet. C, E, G) Timed caloric intake significantly
altered striatal DAT (C) and thalamic SERT
(G) binding ratios between the BF and the D
groups, but not hypothalamic SERT binding
ratio (E). Data are expressed as mean6 SEM. *P,
0.05, **P , 0.01.
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RESULTS

Participants and baseline characteristics

Forty-five subjects were screened, of which 25 subjects
were included. Two subjects withdrew after the run-in
week because of claustrophobia, precluding theMRI scan,
and a busy work schedule, precluding adaptation to the
study protocol. Twenty-three subjects were randomized
into the BF group (n = 12) or the D group (n = 11), and all
subjects completed the study. Baseline characteristics of
the participants are presented in Table 1.

Weight loss and caloric intake

Body weight was significantly reduced in the BF group
(1086 13.0 vs.1016 13.1 kg;P# 0.001) and in theDgroup
(1116 16.6 vs. 1046 16.3 kg;P# 0.001) after the diet. Both
absolute and percentage weight loss did not differ be-
tween the BF and D groups (27.06 1.4 vs.26.86 2.0 kg;
P = 0.86; and 26.5 6 1.5 vs. 26.2 6 1.9%; P = 0.70, re-
spectively). Total average caloric intake per day was
similar between the BF and D groups (1257 6 134 vs.
1298 6 140 kcal; P = 0.48), as well as macronutrient
composition. In addition, the time at which breakfast
(8:206 0:36 vs. 8:276 0:23 h; P = 0.57), lunch (13:086
0:35 vs. 12:586 0:16 h;P= 0.41), and dinner (18:446 0:44
vs. 18:336 0:22 h; P = 0.29) were consumed did not differ
between groups.

ROI analysis

Striatal DAT binding

SPECT scans could not be analyzed in 3 subjects in the BF
group because of technical problems with the scanner
during imaging. Overall, striatal DAT binding was not
significantly different after weight loss, but between-
group comparisons showed that striatal DAT-binding
ratios increased in the BF group and decreased in the D
group, resulting in a significant change over time between
both diet groups (Fig. 3B, C and Table 2).

Thalamic and hypothalamic SERT binding

Hypothalamic SERTbindingwasnot affected afterweight
loss and did not differ significantly between the BF and D
groups (Fig. 3D, E and Table 2).

Within-subjects analysis yielded no difference in tha-
lamic SERT binding after weight loss, but between-group
comparisons showed that subjects in the BF group had an
increase in thalamic SERTbinding,whereas subjects in the
D group had a decrease after the diet, resulting in a sig-
nificant change over time between both diet groups (Fig.
3F, G and Table 2).

Exploratory voxel-based analysis

We performed a voxel-based analysis to explore whether
the observed differential change in striatal DAT binding
over time in the BF vs. D groups was attributable to a
specific change in either theventral or thedorsal part of the
striatum. A within-group comparison of the BF and D
groups showed a cluster of voxels within the ventral part
of the striatum, representing the increase in DAT binding
in the BF group after the diet and a cluster of voxelswithin
thedorsalpart of the striatum, representing thedecrease in
DAT binding in the D group (P # 0.01) (Fig. 4). These
findings suggest a differential effect of both diets on DAT
in the ventral vs.dorsal striatumduring energy restriction.
However, statistical significance was not maintained after
correction for multiple corrections.

Food intake–related hormones and
hunger scores

Overall, ghrelin concentrations were significantly in-
creased after weight loss, but did not differ significantly
between the BF and D groups (Fig. 5A, B and Table 2).
Leptin concentrations were significantly decreased after
weight loss, but were not different between the BF and D
groups (Fig. 5C,DandTable 2). In addition, overall hunger
and appetite scores were not different after weight loss or
between the diet groups (Fig. 5E–H and Table 2).

DISCUSSION

We show a differential effect of timing of daily calorie
intake on brain DAT and SERT during diet-induced
weight loss in obese men. Consuming 50% of daily
calories at breakfast increased DAT binding in the
striatum and SERT binding in the thalamus, whereas
consuming most of the daily calories at dinner reduced
DAT binding in the striatum as well as SERT binding in
the thalamus. In addition, we show in an exploratory
analysis that eating most of the calories in the morning
increased DAT binding, particularly in the ventral
striatum, whereas eating most of the calories in the
evening decreased it. These differential effects were in-
dependent of weight loss ormacronutrient intake per se, as
these did not differ between the diet groups.

An increasing number of studies have suggested ben-
eficial effects of higher energy intake in the morning
compared to the evening on body weight andweight loss

TABLE 1. Baseline characteristics of subjects randomized to the BF or
D group

Baseline characteristics BF group D group P

n 12 11
Age (yr) 60.7 6 7.7 59.0 6 8.5 0.63
Body weight (kg) 108 6 13.0 111 6 16.6 0.64
BMI (kg/m2) 34.2 6 4.2 34.3 6 3.7 0.95
Fasting glucose (mM) 5.5 6 0.8 5.3 6 0.8 0.56
Fasting insulin (pM) 121 6 72.4 110 6 35.6 0.67

Data are expressed as mean 6 SD.
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maintenance (7, 8). However, so far, the mechanism link-
ingmeal timing andweight lossmaintenance is unclear.
An increase in DAT binding as shown in the BF group
may contribute to the beneficial effects, because lower
striatal DAT is associated with increased food intake
(23, 24). Moreover, in rats with diet-induced obesity,
increased striatal DAT binding is accompanied by re-
duced hyperphagia (26); however, the data about hy-
perphagia should be interpreted with caution, as these
rats were pair fed. At present, it is still debatable
whether higher DAT binding reflects higher or lower
extracellular and synaptic dopamine levels, and that
makes the interpretation and functional consequences
of the differences in DAT binding between the BF and
the D group difficult to ascertain. Extracellular and
synaptic dopamine levels depend on tonic and phasic
dopamine release and are regulated by DAT, pre-
synaptic dopamine D2-like autoreceptors, and post-
synaptic dopamine D2-like receptors, as well as by
dopamine synthesis (45). Studies in rats demonstrated
reduced striatal DAT after a high-fat diet (23, 24), and a
DAT gene polymorphism, associated with decreased
DATexpression,was accompanied by binge eating (46).

In addition, obesity-prone rats showed lower striatal
DAT expression, reduced postsynaptic dopamine D2
receptor density, and greater motivation for food
compared to obesity-resistant rats, suggesting that
lower DAT favors food intake (25). On the other
hand, DAT inhibitors reduce food intake in humans (28).
These seemingly contradictory results may be explained
by a difference between acute and chronic DAT in-
hibition anddifferences in synaptic dopamine levels. The
increased striatal DAT availability after weight loss in
the BF group may be an upregulation in response to in-
creased extracellular dopamine levels. From our data, it
could be hypothesized that during weight loss, con-
suming most of the calories in the morning precludes
overconsumption and weight regain by positively af-
fecting striatal dopamine signaling and reducing the
reinforcement value of omitted food (47). This hypoth-
esis fitswith the dopamine rewarddeficiency hypothesis
in obesity (10).

It remains speculative howmeal timing per se affects
striatal DAT availability. The increase in striatal DAT
binding in the BF group could reflect a direct metabolic
feedback of nutrients consumed at a certain time,

TABLE 2. Intervention data before and after a 4-wk hypocaloric diet

All subjects BF group D-group

Studied variables Before After P Before After Before After P a

Striatal DAT binding
(SNR-BR)

3.9 6 1.1 3.7 6 0.85 0.88 3.6 6 0.88 4.0 6 0.77 4.1 6 1.2 3.5 6 0.88 0.005

Hypothalamic SERT
binding (SNR-BR)

0.49 6 0.38 0.42 6 0.31 0.51 0.44 6 0.34 0.43 6 0.21 0.54 6 0.43 0.42 6 0.39 0.60

Thalamic SERT
binding (SNR-BR)

0.51 6 0.23 0.50 6 0.23 0.86 0.46 6 0.17 0.58 6 0.31 0.56 6 0.27 0.43 6 0.08 0.03

Ghrelin (pg/ml) 627 (521–715) 685 (601–862) ,0.001 615 (512–733) 683 (539–911) 629 (516–692) 790 (612–850) 0.16
Leptin (pg/ml) 16.3 (10.5–28.1) 7.6 (3.8–14.6) ,0.001 16 (10.6–34.4) 5.4 (3.5–18.6) 16.5 (10.3–27.7) 7.7 (3.9–13.3) 0.74
Hunger score (cm) 3.3 6 2.3 3.5 6 2.6 0.54 3.1 6 2.6 2.8 6 2.7 3.9 6 2.1 4.3 6 2.5 0.62
Appetite score (cm) 4.2 6 2.2 4.2 6 2.5 0.88 3.7 6 2.5 3.1 6 2.6 5.1 6 2.1 5.3 6 2.0 0.57

Data are expressed as means 6 SD or as medians with IQR in parentheses. SNR-BR, specific-to-nonspecific binding ratio. aChange over time
between the BF and D group.

Figure 4. Voxel-based analysis. Blue voxels
represent the significant increase in DAT
binding ratios in the BF group, and red voxels
represent the significant decrease in DAT
binding in the D group after weight loss. Yellow
represents ROI striatum.
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because DAT expression fluctuates across the light–
dark cycle and dictates the diurnal variation in extra-
cellular dopamine levels and dopamine release (48, 49).
Jakubowicz et al. (7, 8) suggested changes in food
intake-related hormones as a possible mechanism to
explain meal timing effects on body weight, as they
reported lower overall daily hunger scores and higher
satiety scores paralleled by higher overall ghrelin
suppression after meal challenges in humans who
consumed most of the calories in the morning com-
pared to the evening during their weight loss in-
tervention. However, these data could be biased by the
difference in caloric content of these test meals, as the
meal challenge was performed in subjects who con-
sumed either a large or a small breakfast (8). In addi-
tion, we did not observe differences in fasting ghrelin
or leptin concentrations or hunger scores. Finally, since
the dopaminergic system also plays a role in glucose
metabolism and is responsive to insulin (50–52), dif-
ferences in insulin sensitivity may have led to a con-
founding effect; however, we did not find a difference

in hepatic or peripheral insulin sensitivity between the
BF and D groups after weight loss (unpublished data).

Because several studies imply functional differences
between the ventral anddorsal striatum in relation to food
reward, we performed an additional exploratory voxel-
wise analysis to examinewhether therewas a difference in
DAT binding within subregions of the striatum. In the BF
group,we foundan increase inDATbindingmainly in the
ventral striatum, whereas in the D group, DAT binding
was decreased in the dorsal striatum. This exploratory
finding is interesting because the ventral striatum medi-
ates the liking/hedonic properties of food intake and
motivation to eat, whereas the dorsal striatum is pre-
dominantly associated with eating habits and cognition
(39, 40).However, the role of theventral vs.dorsal striatum
in food intake may be less separate than suggested, given
that it was shown that extracellular dopamine levels in-
crease in the dorsal, but not in the ventral striatum in re-
sponse to the display of food (47) and consumption of
palatable food in humans (53). These similarities in func-
tion may be explained by a significant overlap of the

Figure 5. Changes in ghrelin and leptin
concentrations and hunger scores. A, C) Plasma
ghrelin concentrations significantly increased
(A) and plasma leptin concentrations signifi-
cantly decreased (C) after weight loss. B, D)
Timed caloric intake did not affect the change
over time of either ghrelin (B) or lepin (D).
E–H) Hunger (E, F) and satiety (G,H) scores did
not change after weight loss (E, G) and were not
affected by timed caloric intake (F, H). Data are
expressed as means 6 SEM or as medians with
IQR. ***P , 0.001.
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ventral and dorsal striatum networks in obesity (54). Our
findings of differences in striatal DAT binding in ventral
vs. dorsal striatum should be interpreted with caution
because the voxel-based analysis did not survive correc-
tions for multiple comparisons and detailed follow-up
studieswith a larger sample sizeareneeded to confirmthis
finding. On the other hand, the voxel-based analysis con-
firmed the results of the ROI analysis which was per-
formed for DAT binding within the whole striatum. This
increases the likelihood that our DAT results are not a
false-positive finding. Although the overall change in
striatal DAT binding in the ROI analysis was 11–15% (see
Table 2), it is larger than the test-retest reproducibility of
striatal DAT imaging in healthy controls, which is ;8%
(55).

Because we recently showed a trend toward lower
hypothalamic SERT binding in obese compared to lean
subjects and a reduction in diencephalic SERT binding
after a hypercaloric high-fat high-sugar snacking diet (16,
17), we hypothesized that the meal timing effects on
weight loss maintenance are through increasing hypo-
thalamic SERT. Surprisingly, we did not find a significant
difference in hypothalamic SERT binding between the BF
and D groups, whereas the change in thalamic SERT
binding differed significantly between the diet groups.
Although the literature about the role of the thalamus in
feeding behavior is sparse, several studies suggested an
essential role for the thalamus in the integrationof feeding-
related input (56). In addition, the thalamus mediates the
communication between the hypothalamus and reward
areas (56). The paraventricular thalamic nucleus receives
neuropeptide Y and orexin input from the hypothalamus
and projects these neurons to the nucleus accumbens
(57–59).

In addition, the raphe directly projects to the thalamus
and is responsive to nutrient intake (60). Therefore, meal
timing during weight loss diets could affect the metabolic
feedback to the raphe and its serotonergic input to the
thalamus. Based on the effects of the diets on striatal DAT
and thalamic, but not hypothalamic, SERT binding, we
conclude that daily timed caloric intake has a more pro-
nounced effect on brain circuits involved in reward than
on the circuits related to the homeostatic component of
food intake.

Our study has some limitations. First, although all
subjects were scanned after an overnight fast, because of
the study design, theDgroup consumedmore calories the
night before the scan compared to the BF group. Whether
this difference in semifasting conditions affected our re-
sults is difficult to establish. However, it seems unlikely
that a change in DAT and SERT binding in the opposite
direction could be explained by a difference in calorie
consumption at least 12 h before the scan. Moreover,
fasting concentrations of ghrelin and leptin, as well as
hunger and satiety scores, did not differ between the BF
and D group, suggesting a similar physiologic fasting re-
sponse. Second, all studies were performed in men, and
results may differ in women and in different age groups.
Third, 123I-FP-CIT is not a selective radiotracer, as it binds
to both SERT and DAT. Consequently, our results are in
need of replication by using a selective SERT tracer and

positron emission tomography. Finally, future studies are
needed to examine the long-term effect of meal timing on
weight loss and brain DAT and SERT binding.

In summary, weight loss in obese men who consumed
50% of the daily calories at breakfast was accompanied by
a statistically significant increase in striatal DAT binding
and thalamic SERT binding, while consuming 50% of the
daily calories at dinner showed the opposite. These find-
ings were independent of weight loss, plasma ghrelin or
leptin concentrations, or hunger scores. The increase in
striatal DAT binding may explain the earlier reported fa-
vorable effect of meal timing onweight maintenance after
hypocaloric diets (8). Therefore, providingmost calories in
themorning during hypocaloric diets may be a promising
strategy to prevent weight regain in obese subjects.
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30. Garaulet, M., and Gómez-Abellán, P. (2014) Timing of food
intake and obesity: a novel association. Physiol. Behav. 134,
44–50

31. Ter Horst, K. W., Gilijamse, P. W., Koopman, K. E., de Weijer, B. A.,
Brands,M., Kootte, R. S., Romijn, J. A., Ackermans,M.T., Nieuwdorp,
M., Soeters,M. R., and Serlie,M. J. (2015) Insulin resistance in obesity
can be reliably identified from fasting plasma insulin. Int. J. Obes. 39,
1703–1709

32. Booij, J., de Jong, J., de Bruin, K., Knol, R., de Win, M. M., and
van Eck-Smit, B. L. (2007) Quantification of striatal dopamine
transporters with 123I-FP-CIT SPECT is influenced by the selective
serotonin reuptake inhibitor paroxetine: a double-blind, placebo-
controlled, crossover study inhealthy control subjects. J. Nucl.Med.48,
359–366

33. Koopman, K. E., la Fleur, S. E., Fliers, E., Serlie, M. J., and Booij, J.
(2012) Assessing the optimal time point for the measurement of
extrastriatal serotonin transporter binding with 123I-FP-CIT SPECT
in healthy, male subjects. J. Nucl. Med. 53, 1087–1090

34. Dale, A.M., Fischl, B., and Sereno,M. I. (1999) Cortical surface-based
analysis, I. segmentation and surface reconstruction. Neuroimage 9,
179–194

35. Fischl, B., Sereno, M. I., Tootell, R. B., and Dale, A. M. (1999) High-
resolution intersubject averaging and a coordinate system for the
cortical surface. Hum. Brain Mapp. 8, 272–284

36. Swaab, D. F., Hofman, M. A., Lucassen, P. J., Purba, J. S., Raadsheer,
F. C., and Van de Nes, J. A. (1993) Functional neuroanatomy and
neuropathology of the human hypothalamus. Anat. Embryol. (Berl.)
187, 317–330

37. Borgers,A. J., Alkemade,A.,VandeGiessen,E.M.,Drent,M.L.,Booij,
J., Bisschop, P. H., and Fliers, E. (2013) Imaging of serotonin
transporters with [123I]FP-CIT SPECT in the human hypothalamus.
EJNMMI Res. 3, 34

38. Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F.,
Behrens, T. E., Johansen-Berg, H., Bannister, P. R., De Luca, M.,
Drobnjak, I., Flitney,D.E.,Niazy,R.K., Saunders, J., Vickers, J., Zhang,
Y., De Stefano, N., Brady, J. M., andMatthews, P. M. (2004) Advances
in functional andstructuralMRimageanalysis and implementationas
FSL. Neuroimage 23(Suppl 1), S208–S219

39. Wickens, J. R., Horvitz, J. C., Costa, R. M., and Killcross, S. (2007)
Dopaminergic mechanisms in actions and habits. J. Neurosci. 27,
8181–8183

40. Berridge, K. C. (2009) ‘Liking’ and ‘wanting’ food rewards: brain
substrates and roles in eating disorders. Physiol. Behav. 97,
537–550

41. Nichols, T. E., andHolmes, A. P. (2002)Nonparametric permutation
tests for functional neuroimaging: a primer with examples. Hum.
Brain Mapp. 15, 1–25

42. Smith, S. M., and Nichols, T. E. (2009) ThresholD-free cluster en-
hancement: addressing problems of smoothing, threshold de-
pendence and localisation in cluster inference. Neuroimage 44, 83–98

43. Van der Zwaal, E. M., deWeijer, B. A., van de Giessen, E. M., Janssen,
I., Berends, F. J., van de Laar, A., Ackermans,M. T., Fliers, E., la Fleur,
S. E., Booij, J., and Serlie, M. J. (2016) Striatal dopamine D2/3 re-
ceptor availability increases after long-term bariatric surgery-induced
weight loss. Eur. Neuropsychopharmacol. 26, 1190–1200

44. DeWeijer,B. A., Aarts, E., Janssen, I.M., Berends, F. J., vandeLaar, A.,
Kaasjager, K., Ackermans, M. T., Fliers, E., and Serlie, M. J. (2013)
Hepatic and peripheral insulin sensitivity do not improve 2 weeks
after bariatric surgery. Obesity (Silver Spring) 21, 1143–1147

45. Horstmann,A., Fenske,W.K., andHankir,M.K. (2015)Argument for
a non-linear relationship between severity of human obesity and do-
paminergic tone. Obes. Rev. 16, 821–830

EFFECTS OF MEAL TIMING ON BRAIN DOPAMINE AND SEROTONIN TRANSPORTERS 4553
 Vol.31,  No.10 , pp:4545-4554, October, 2017The FASEB Journal. 145.117.227.11 to IP www.fasebj.orgDownloaded from 

https://doi.org/10.1159/000450549
http://www.fasebj.org/


46. Shinohara, M., Mizushima, H., Hirano, M., Shioe, K., Nakazawa, M.,
Hiejima, Y.,Ono, Y., andKanba, S. (2004)Eatingdisorderswithbinge-
eating behaviour are associated with the s allele of the 39-UTR VNTR
polymorphism of the dopamine transporter gene. J. Psychiatry Neuro-
sci. 29, 134–137

47. Volkow, N. D., Wang, G. J., Fowler, J. S., Logan, J., Jayne, M.,
Franceschi, D., Wong, C., Gatley, S. J., Gifford, A. N., Ding, Y. S., and
Pappas,N. (2002) “Nonhedonic” foodmotivation inhumans involves
dopamine in the dorsal striatum andmethylphenidate amplifies this
effect. Synapse 44, 175–180

48. Ferris, M. J., España, R. A., Locke, J. L., Konstantopoulos, J. K., Rose,
J.H., Chen, R., and Jones, S. R. (2014)Dopamine transporters govern
diurnal variation in extracellular dopamine tone. Proc. Natl. Acad. Sci.
USA 111, E2751–E2759

49. Sleipness, E. P., Sorg, B. A., and Jansen, H. T. (2007) Diurnal
differences in dopamine transporter and tyrosine hydroxylase levels
in rat brain: dependence on the suprachiasmatic nucleus. Brain Res.
1129, 34–42

50. Defronzo, R.A. (2011)Bromocriptine: a sympatholytic, d2-dopamine
agonist for the treatment of type 2 diabetes (published correction in
Diabetes Care 2011;34:1442). Diabetes Care 34, 789–794

51. Orosco, M., Rouch, C., and Gerozissis, K. (2000) Activation of
hypothalamic insulin by serotonin is the primary event of the insulin-
serotonin interaction involved in the control of feeding. Brain Res.
872, 64–70

52. Stouffer,M.A.,Woods, C.A., Patel, J.C., Lee,C.R.,Witkovsky, P., Bao,
L.,Machold,R. P., Jones, K. T., de Vaca, S.C., Reith,M. E., Carr, K. D.,
and Rice, M. E. (2015) Insulin enhances striatal dopamine release by
activating cholinergic interneurons and thereby signals reward. Nat.
Commun. 6, 8543

53. Small, D. M., Jones-Gotman, M., and Dagher, A. (2003) Feeding-
induced dopamine release in dorsal striatum correlates with meal

pleasantness ratings in healthy human volunteers. Neuroimage 19,
1709–1715

54. Tomasi, D., and Volkow, N. D. (2013) Striatocortical pathway
dysfunction in addiction and obesity: differences and similarities.
Crit. Rev. Biochem. Mol. Biol. 48, 1–19

55. Booij, J.,Habraken, J. B., Bergmans, P., Tissingh,G.,Winogrodzka, A.,
Wolters, E. C., Janssen, A. G., Stoof, J. C., and van Royen, E. A. (1998)
Imaging of dopamine transporters with iodine-123-FP-CIT SPECT in
healthycontrols andpatientswithParkinson’sdisease. J.Nucl.Med.39,
1879–1884

56. Lee, J. S., Lee, E. Y., and Lee, H. S. (2015) Hypothalamic, feeding/
arousal-related peptidergic projections to the paraventricular tha-
lamic nucleus in the rat. Brain Res. 1598, 97–113

57. Li, Y., Li, S., Wei, C., Wang, H., Sui, N., and Kirouac, G. J. (2010)
Orexins in the paraventricular nucleus of the thalamus
mediate anxiety-like responses in rats. Psychopharmacology (Berl.) 212,
251–265

58. Kelley, A. E., Baldo, B. A., and Pratt, W. E. (2005) A proposed
hypothalamic-thalamic-striatal axis for the integration of en-
ergy balance, arousal, and food reward. J. Comp. Neurol. 493,
72–85

59. Parsons, M. P., Li, S., and Kirouac, G. J. (2007) Functional and
anatomical connection between the paraventricular nucleus of the
thalamus and dopamine fibers of the nucleus accumbens. J. Comp.
Neurol. 500, 1050–1063

60. Moore, R. Y.,Halaris,A. E., and Jones,B. E. (1978)Serotoninneurons
of the midbrain raphe: ascending projections. J. Comp. Neurol. 180,
417–438

Received for publication November 13, 2016.
Accepted for publication June 19, 2017.

4554 Vol. 31 October 2017 VERSTEEG ET AL.The FASEB Journal x www.fasebj.org
 Vol.31,  No.10 , pp:4545-4554, October, 2017The FASEB Journal. 145.117.227.11 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org
http://www.fasebj.org/


 10.1096/fj.201601234RAccess the most recent version at doi:
2017 31: 4545-4554 originally published online July 5, 2017FASEB J 

  
Ruth I. Versteeg, Anouk Schrantee, Sofie M. Adriaanse, et al. 
  
binding

transporterstriatal dopamine transporter and thalamic serotonin 
Timing of caloric intake during weight loss differentially affects

  
References

  
 http://www.fasebj.org/content/31/10/4545.full.html#ref-list-1

This article cites 59 articles, 8 of which can be accessed free at:

Subscriptions

  
http://www.faseb.org/The-FASEB-Journal/Librarian-s-Resources.aspx

 is online at The FASEB JournalInformation about subscribing to 

Permissions

  
http://www.fasebj.org/site/misc/copyright.xhtml
Submit copyright permission requests at:

Email Alerts

  
http://www.fasebj.org/cgi/alerts
Receive free email alerts when new an article cites this article - sign up at

© FASEB

 Vol.31,  No.10 , pp:4545-4554, October, 2017The FASEB Journal. 145.117.227.11 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org/lookup/doi/10.1096/fj.201601234R
http://www.fasebj.org/content/31/10/4545.full.html#ref-list-1
http://www.faseb.org/The-FASEB-Journal/Librarian-s-Resources.aspx
http://www.fasebj.org/site/misc/copyright.xhtml
http://www.fasebj.org/cgi/alerts
http://www.fasebj.org/

