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ABSTRACT 
 
Background: The autonomic nervous system (ANS) and striatal dopamine are related to food in-
take. In conditions of overfeeding such as in obesity, the striatal dopamine D2/3 receptors are re-
duced and increased sympathetic activity has been reported. We hypothesized that increased 

food intake itself is related to changes in ANS activity and the striatal dopaminergic system. 
Methods: We studied ANS activity and striatal dopamine transporter (DAT) binding in 31 healthy, 
lean men before and after a 6-week hypercaloric diet. We measured striatal DAT binding with 123I-
FP-CIT SPECT, heart rate variability (HRV) in the supine and upright position as a derivative of ANS 
activity and plasma ghrelin, leptin, insulin, and glucose in the fasted condition. 
Results: Supine low frequency (LF) power, mainly reflecting sympathetic activity, increased 
(p=0.04) and striatal DAT binding tended to decrease (p=0.08) after the hypercaloric diet. In ad-
dition, LF response to a sympathetic stimulation (supine to upright position) was blunted after the 
hypercaloric diet (p=0.02). Leptin increased while plasma insulin tended to increase and plasma 
concentrations of glucose and ghrelin remained stable. ∆ supine LF power was inversely associat-
ed with ∆ striatal DAT binding (p=0.02). 
Conclusion: A short-term hypercaloric diet in non-obese humans causes obesogenic alterations in 
ANS activity. The inverse relationship between ∆ LF and ∆ DAT binding indicates a link between 
hypercaloric feeding induced changes in striatal dopaminergic signalling and sympathetic activity.  
 

 

INTRODUCTION 
 
In rodents, feeding status clearly affects the autonomic balance between the parasympathetic and 
sympathetic nervous system with fasting suppressing and overfeeding increasing sympathetic activi-

ty (1-3). Also in humans, small amounts of weight gain result in changes in autonomic balance re-
flecting a relative sympathetic predominance although the methodology to assess autonomic 
balance differed between studies (5,6). It is unclear whether metabolic or other factors associated 
with weight gain or increased caloric intake itself perturb the autonomic nervous system (ANS) 
balance. Indeed several studies, using heart rate variability (HRV) as a measure of autonomic bal-
ance, show that a meal reduces the HF power, which reflects parasympathetic activity, to a great-
er extent than the LF power, reflecting sympathetic activity, thereby resulting in a predominant 
sympathetic nervous system (SNS) activity postprandially and pointing to a role for feeding itself in 
the autonomic dysbalance observed in weight gain conditions (4-6).   
 
 Thus so far, available studies conclude on SNS predominance after weight gain, however the 
underlying mechanism is not completely known. Feeding and overfeeding evoke several hormonal 
responses that could be involved in changes in ANS. Higher insulin levels might play a role as in 
conditions of hyperinsulinemia, such as insulin resistance, muscle sympathetic nerve activity 
(MSNA), a reliable method to assess SNS activity, increases (7). Moreover, intravenous insulin in-
fusion in healthy subjects increases MSNA, decreases parasympathetic activity (8) and increases 
relative sympathovagal balance derived from HRV, indicating sympathetic predominance (9). Al-
so, leptin has shown to be positively related to SNS activity (10), and therefore is another poten-
tial candidate to affect SNS activity during a hypercaloric diet. Another hormone that might be 
involved in overfeeding-induced changes in ANS is the stomach derived ghrelin as intravenous 
ghrelin infusion reduces SNS activity in lean humans (11). However, studies on the effects on 
ghrelin during hypercaloric diets in lean subjects are not available. Finally, it might be the nutrients 
themselves that cause alterations in ANS activity because a single meal causes an increase in 
SNS activity (4-6). One study showed an increase in SNS activity measured with HRV after a high-
carbohydrate meal but not after a high-fat meal indicating a role for specific macronutrients (12).  
 
Besides the relationship between feeding and its hormonal responses and ANS activity, food in-
take is also associated with alterations in the brain. One of the brain regions related to food intake 
is the striatal dopamine system, which is involved in rewarding aspects of eating (13). In humans 
striatal dopamine D2/3 receptor binding decreases after feeding, indicating endogenous dopamine 
release (14). An increase in striatal dopaminergic signalling is related to the rewarding properties 
of food as well as to the motivation to obtain food (15). Interestingly, previous studies indicate a 
role for dopamine in the control of ANS activity. In animals, stimulating the ventral tegmental area 
(VTA), a brain area where dopamine is produced, results in increased blood pressure and deple-
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tion of brain dopamine reduces hypertension in rats (16), indicating a relationship between the 
brain dopamine system and the SNS. More recently, Yeh et al showed that striatal dopamine D2/3 

receptor binding negatively correlates with heart rate in healthy humans (17). Although it has re-
peatedly been shown that obese subjects have lower striatal D2/3 receptor binding availability (18-
20), the short-term effects of overeating on the striatal dopamine system are not known.  

 
We studied the effect of a short term hypercaloric diet on both the ANS and the striatal dopamin-
ergic system by measuring HRV and striatal dopamine transporter (DAT) binding using SPECT in 
lean men. DAT regulates available synaptic dopamine for dopamine signaling (21). In addition 
we measured insulin, leptin and ghrelin to correlate the expected changes in these hormones to 
the changes in ANS.  
 
 

MATERIALS AND METHODS  
 
The study subjects described in this study participated in a hypercaloric diet intervention trial. The 
effects of the hypercaloric diets on diencephalic serotonin transporter availability and on intrahe-
patic triglycerides and glucose metabolism are recently published (22;23).  
 
PARTICIPANTS 
We included 36 healthy male Caucasian subjects [age 22 (19-27) years, BMI 22.5 (19.5-24.5) 
kg/m2] in the main study. Inclusion criteria were good physical health, no family history of type 2 
diabetes mellitus (T2DM) and a normal glucose tolerance test (24). Exclusion criteria were use of 
any medication, substance abuse (nicotine or drugs, alcohol > 2 units/day), history of eating or 
psychiatrical disorders, exercise > 3 hours/week, and an unhealthy diet. To assess whether the 
diet was balanced, we evaluated dietary intake according to the Dutch guidelines for a healthy 
diet macronutrient composition (25). Body weight had to be stable in the six months prior to inclu-
sion, thereby excluding a hypocaloric or hypercaloric state when entering the study. The study pro-
tocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved 
by the Medical Ethics Committee of the AMC Amsterdam. Written informed consent was obtained 
from all study participants before start of study participation.  
 
STUDY DESIGN 
After inclusion, subjects were randomised into 1 of the 4 hypercaloric diet groups (N=31) or a 
control group (N=5). Subjects in the 4 hypercaloric diet groups consumed 40% extra calories on 
top of their normal ad libitum diet for six consecutive weeks. During the diet period, subjects visited 
the research unit weekly for diet monitoring and for measurement of body weight and resting en-
ergy expenditure (REE). Subjects daily reported their ad libitum intake online. When ad libitum ca-

 

loric intake was lower than caloric need (1.4 x REE), subjects were instructed to increase their ad 
libitum intake. The excess calories of the 4 hypercaloric diets were provided either as high-fat-high-
sugar liquids (Nutridrink Compact; Nutricia Advanced Medical Nutrition, Zoetermeer the Nether-
lands) or as high-sugar liquids (commercially available sugar sweetened beverages) to be con-
sumed either with or in between the meals (22;23).  

 
HEART RATE VARIABILITY 
In a subset of 32 participants (N=5 controls, N=27 on the hypercaloric diet) heart rate and blood 
pressure were continuously recorded for 30 minutes using a Nexfin system with a pressure cuff on 
the middle finger (BMEYE, Amsterdam, The Netherlands). Measurements were performed after an 
overnight fast and after at least 30 minutes of acclimatization in the supine position after entering 
the hospital. Blood pressure and heart rate were continuously recorded for 15 minutes in the su-
pine position. Subjects were then asked to stand up to stimulate the SNS and blood pressure and 
heart rate were continuously recorded for another 15 minutes in the upright position. Two subjects 
on the hypercaloric diet had a vasovagal collapse after standing up and their data had to be ex-
cluded from the analyses. Power spectral analysis was performed with an in-house developed 
MATLAB based software as described previously (26). In short, a stable part of at least 300 data 
points of the heart rate recording that did not contain spikes or other confounders was selected for 
both the supine and the upright position. These selected data were Fourier transformed by a 
MATLAB Digital Fourier Transformer, which does not require zero padding to the nearest power 
of 2. From the spectrum two signals were derived: a low frequency (LF) signal ranging from 0.04 
to 0.15 Hz and a high frequency (HF) signal ranging from 0.15 to 0.40 Hz. The area under the 
curve of the LF and the HF signals was calculated. Variability in the LF power mainly reflects sym-
pathetic activity and variability in the HF power reflects parasympathetic activity (27). The LF/HF 
ratio [LF signal/HF signal] was calculated representing the sympathovagal balance.   
 
IMAGING OF STRIATAL DOPAMINE TRANSPORTER (DAT) BINDING 
On a different study day, after an overnight fast, participants underwent single photon emission 
computed tomography (SPECT) imaging with the radioligand [123I]FP-CIT (DaTSCAN) for the visu-
alization of striatal DAT. A total dose of 115 MBq (range: 110-120 MBq; specific activity > 750 
MBq/nmol; radiochemical purity > 98%, produced according to GMP criteria at GE Healthcare, 
Eindhoven, The Netherlands) was given intravenously. Participants were scanned 3 hours after in-
jection of the tracer, a time point at which the specific striatal DAT binding is stable (28). Each par-
ticipant was pre-treated with potassium iodide to block thyroid uptake of free radioactive iodide. 
SPECT imaging was performed using a 12-detector, single slice brain-dedicated scanner (Neu-
rofocus, 810, Strichman Medical Equipment, Cleveland, OH, USA) using an acquisition protocol 
as described previously with slight modifications (interslice distance: 5 mm; acquisition time: 210 
sec/slice) (29). Due to technical problems with the SPECT scanner, scans of 6 subjects on the hy-
percaloric diet were unavailable and therefore analyses were performed on data of 25 subjects 
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on the hypercaloric diet and 5 control subjects. All scans were reconstructed in 3D mode and cor-
rected for attenuation. For quantification, a region-of-interest (ROI) analysis to determine specific 
binding activity in the striatum was performed by a well-trained researcher as described previously 
(28). Briefly, the 4 consecutive slices with the highest binding were selected to assess binding to 
DAT. Activity in the cerebellum (3 consecutive slices) was assumed to represent non-displaceable 

activity (nonspecific binding and free radioactivity). The outcome measure was specific-to-
nonspecific binding ratio (SNS-BR), calculated as [ROI-binding minus cerebellar-binding / cerebel-
lar-binding]. 
 
LABORATORY ANALYSES 
On the same day HRV was measured, we collected blood samples for laboratory analyses in a 
fasting condition (overnight fast). Plasma glucose concentrations were measured with the glucose 
oxidase method using a Biosen C-line plus glucose analyzer (EKF Diagnostics, Barleb-
en/Magedeburg, Germany). Insulin was determined on an IMMULITE 2000 system (Siemens 
Healthcare Diagnostics B.V., Breda, The Netherlands). Insulin was determined with a chemilumi-
nescent immunometric assay (intra-assay variation 3–6%; total-assay variation 4%; detection limit 
15 pM). Leptin was determined with a human leptin radioimmunoassay kit (Millipore) (intra-assay 
variation 3–8%; total-assay variation 3–6%; detection limit 0·5 ng/ml). Ghrelin was determined 
with a radioimmunoassay kit (Millipore, Billerica, MA). Intra-assay variation 3-10%, total-assay var-
iation 15-18%, limit of detection: 93 pg/ml. 
 
STATISTICS 
HRV data before and after the diet were not normally distributed, therefore a Wilcoxon matched 
pairs test was performed. Data on striatal DAT availability were normally distributed and analysed 
using a paired student T-test. ∆ LF and ∆ DAT were normally distributed, therefore we used Pear-
son’s correlation test. A priori sample size calculation was performed for the primary outcome 
measures of the study, namely diencephalic serotonin transporter binding and insulin sensitivity. The 
sample size calculations resulted in a number of 8 subjects per hypercaloric diet group and was 
previously published (22;23). For the current manuscript, we performed an additional power anal-
ysis based on a study that describes LF/HF ratio in lean women before and after a carbohydrate- 
rich meal (12).  A sample size of 16 is required for 80% power to detect a probability of 0.794 
that an observation at baseline is significantly different from an observation after the dietary ma-
nipulation using a Wilcoxon test with a 0.05 two-sided significance level. Hence, we can only an-
alyze HRV in the pooled hypercaloric diet groups and not in the subgroups. The control group 
was included to exclude a study effect on our primary outcome measures (22;23) but is not ana-
lyzed with regard to the secondary outcome measures as presented here. 
 
 

RESULTS 
 
The baseline characteristics of the 31 subjects that followed one of the four hypercaloric diets are 
presented in table 1. 
 
HEART RATE, BLOOD PRESSURE AND HEART RATE VARIABILITY 
Systolic blood pressure and heart rate, as well as HF power and LF/HF ratio, were unaltered after 
a six-week hypercaloric diet in the supine or the upright position. LF power in the supine position 
significantly increased (table 2).  
 
The expected increase in LF power after standing up at baseline was attenuated after the hyperca-
loric diet. The difference in LF power (upright-supine) was significantly lower at the end of the diet 
compared to baseline (0.66 [-10.74-5.37] vs 0.07 [-13.01-3.85] Hz/ms; p=0.02). HF power 
decreased and LF/HF ratio increased from the supine to the upright position with no differences in 
response after the hypercaloric diet (table 2).  
 
STRIATAL DAT BINDING AFTER THE SIX-WEEK HYPERCALORIC DIETS 
Striatal DAT binding tended to decrease after the hypercaloric diet (p=0.08; figure 1A). 
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pine position and the response of LF power to a sympathetic stimulation, i.e. standing up, was 
blunted. Sympathetic activity is the main determinant of LF power, parasympathetic activity also 
contributes. In our study subjects, parasympathetic-determined supine HF power did not change 
which suggests that an increase in sympathetic activity rather than a decrease in parasympathetic 
activity causes the increase in LF power. In spite of the increase in LF power, we did not find a dif-

ference in LF/HF ratio. This might have several reasons: the increase in LF power might be too 
small to result in significant changes in the LF/HF ratio or, although it was not significant, the small 
increase in HF power might blunt the effect. 
 
Our findings are in line with previous studies showing that overfeeding increases basal SNS activi-
ty, measured using MSNA, in rodents (1-3) and in humans (30). However, these studies could not 
distinguish between the direct effect of food intake on ANS activity or other factors related to 
weight gain such as an increase in leptin. In our subjects changes in body weight or leptin were 
not related to the differences in ANS activity although baseline leptin concentrations correlated 
with LF power. Since this association was no longer present after the hypercaloric diet, leptin might 
only have a regulatory role in ANS in eucaloric conditions while during forced hypercaloric condi-
tions, either leptin resistance occurs or other regulatory factors become more prominent. Insulin has 
frequently been pointed out as a possible candidate to alter ANS activity in obesity (e.g. (9;31)). 
Insulin levels in our subjects were measured in the fasting state only and did not correlate with 
measures of ANS, but this does not exclude a role for postprandial insulin in the observed chang-
es in LF power in our subjects. An increase in sympathetic activity might be a compensatory mech-
anism to expend the excess calories through increasing energy expenditure. In obese humans, 
weight loss is predicted by sympathetic activity (32) and sympathetic activity has been related to 
energy expenditure in lean Caucasian men (33). Resting energy expenditure was unaltered in the 
current study (data not shown) (23) but this does not exclude subtle changes which might have 
beneficial effects in the longer term. Moreover, we used indirect calorimetry while doubly labelled 
water might be a more appropriate technique to measure total longer-term energy expenditure. 
Taken together our data show that consumption of calories in excess of caloric need results in in-
creased sympathetic activity not related to weight gain or hormonal factors in lean men. Therefore 
increased sympathetic activity could be part of the early adaptive response to caloric overload. 
Whether increased sympathetic activity leads to reduced food intake or increased energy ex-
penditure was not assessed in the current study. 
 
In addition to changes in sympathetic activity, we found a trend towards a decrease in striatal DAT 
binding after the hypercaloric diets. The dopaminergic signalling system consists of DAT and do-
pamine receptors and the complex regulation of DAT in humans is only partly understood. The 
presynaptically localized DAT exerts dynamic spatial and temporal control of extracellular dopa-
mine concentrations via re-uptake of released dopamine from the synaptic cleft (34). The short 
term hypercaloric diet in our subjects might have resulted in increased dopamine release with sub-

 
 
BIOCHEMICAL DATA AFTER THE SIX-WEEK HYPERCALORIC DIET. 
Leptin increased significantly while ghrelin and glucose concentrations remained stable and insulin 
tended to increase (p=0.08) after the hypercaloric diet period. 
 
CHANGE IN LF POWER NEGATIVELY CORRELATES WITH CHANGE IN STRIATAL DAT 
AVAILABILITY 
Data for both HRV and striatal DAT binding were available in 22 subjects. At baseline and after 
the diet, no correlations were found between striatal DAT availability and supine LF power 
(p=0.40 and p = 0.23 resp.), supine HF power (p=0.78 and p=0.88 resp.) or supine LF/HF ratio 
(p=0.11 and p=0.22 resp.). At baseline, plasma leptin correlated with LF power only (p=0.046, 
r=0.40, r2=0.16, F=4.46) while insulin (p=0.89), ghrelin (p=0.30) and body weight (p=0.99) did 
not correlate with either LF power, HF power and LF/HF ratio. After the diet no associations were 
present between any of the metabolic parameters and ANS. Furthermore, a significant negative 
correlation was found between change in supine LF power and the change in striatal DAT binding 
(p=0.015, r=-0.51, r2=0.26, F=7.03), figure 1B) but not between changes in body weight 
(p=0.62) or changes in leptin (0.95). 
 
 

DISCUSSION 
 
We here describe the effect of 6-week 40% hypercaloric diets on heart rate variability as a meas-

ure for ANS activity in lean men. LF power, representing sympathetic activity, increased in the su-

Figure 1.  
1A) Striatal DAT binding before and after a 40% hypercaloric diet in healthy, lean men. 1B). Correlation 
between changes in striatal DAT binding and changes in LF variability (sympathetic activity) after a 40% 
hypercaloric diet. (p=0.015, r=-0.51, r2=0.26). SNS-BR = specific to nonspecific binding ratio of the radio-
tracer to the dopamine transporter (DAT) measured with SPECT. 
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sequent lower DAT since substrates for DAT, including increased levels of endogenous dopamine, 
may induce down-regulation of DAT (34). Alternatively, Ramamoorthy et al. showed that activation 
of dopamine D2/3 receptors play a role in the expression of DAT and activation of dopamine re-
ceptors by endogenous dopamine may induce reduced striatal DAT expression.  
 

Interestingly, the increase in LF power after the hypercaloric diet was associated with the trend to-
wards the decrease in striatal DAT binding. A connection between striatal dopamine and blood 
pressure, a cardiovascular outcome regulated by the ANS, has previously been shown in rodents 
(16). Our data therefore suggest that the increased sympathetic tone after the hypercaloric diet 
might in part be explained by the changes in striatal DAT and thus increased extracellular dopa-
mine. This requires further detailed studies.  
 
The current study has a number of limitations. First, heart rate variability is a derivative of sympathet-
ic and parasympathetic activity towards the heart, although it has been proposed that it is a reflec-
tion of autonomic nervous system activity in general (27). Second, our data are based on a 
subanalysis of a study on the effects of eating pattern and meal composition in hypercaloric condi-
tions on the brain and metabolism (22;23). We could not analyse the effect of specific macronu-
trients on HRV because the statistical power was based on the primary outcomes of the main 
study. This caused heterogeneity in diet pattern and composition in the hypercaloric groups. We 
previously showed that specifically high-fat-high-sugar snacking decreases SERT binding in the hy-
pothalamic region (22), but a specific effect of macronutrient composition as well as of eating pat-
tern on autonomic nervous system activity could not be assessed. Finally, we only studied healthy, 
lean males and therefore results might be different for women, older subjects or obese and over-
weight subjects.   
 
 

CONCLUSION 
 
A hypercaloric diet increases resting sympathetic activity and reduces responsiveness to a sympa-
thetic stimulation in lean men, a combination that has previously been linked to obesity. Changes in 
LF power were not related to changes in plasma concentrations of insulin, leptin or ghrelin, sug-
gesting a possible direct effect of food or food intake on SNS activity. In addition, the increase in 
resting sympathetic activity was negatively correlated with alterations in striatal DAT binding indi-
cating a link between changes in striatal dopaminergic signalling and sympathetic activity. 
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