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Neurobiology of Disease

Central 5-HT Neurotransmission Modulates Weight Loss
following Gastric Bypass Surgery in Obese Individuals
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The cerebral serotonin (5-HT) system shows distinct differences in obesity compared with the lean state. Here, it was investigated whether
serotonergic neurotransmission in obesity is a stable trait or changes in association with weight loss induced by Roux-in-Y gastric bypass
(RYGB) surgery. In vivo cerebral 5-HT,, receptor and 5-HT transporter binding was determined by positron emission tomography in 21
obese [four men; body mass index (BMI), 40.1 =+ 4.1 kg/m*] and 10 lean (three men; BMI, 24.6 = 1.5 kg/m?) individuals. Fourteen obese
individuals were re-examined after RYGB surgery. First, it was confirmed that obese individuals have higher cerebral 5-HT,, receptor
binding than lean individuals. Importantly, we found that higher presurgical 5-HT, , receptor binding predicted greater weight loss after
RYGB and that the change in 5-HT, , receptor and 5-HT transporter binding correlated with weight loss after RYGB. The changes in the
5-HT neurotransmission before and after RYGB are in accordance with a model wherein the cerebral extracellular 5-HT level modulates
the regulation of body weight. Our findings support that the cerebral 5-HT system contributes both to establish the obese condition and

to regulate the body weight in response to RYGB.
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Introduction
Obesity represents one of the greatest challenges in the plentiful
modern societies. When energy-dense food is effortlessly avail-
able, a large percentage of humans tend to eat more than meta-
bolically required. The health consequences are severe as obesity
is associated with increased morbidity and mortality because of
cardiovascular diseases, diabetes, cancer, osteoarthritis, liver and
kidney disease, sleep apnea, and depression (Pi-Sunyer, 2009).
In humans, rigid homeostatic mechanisms prevent sustained
weight loss, regardless of body weight (Berthoud et al., 2012).
Consequently, obese people are often unsuccessful in acquiring
or maintaining a sustained weight loss, and bariatric surgery is
currently the only treatment of obesity that significantly reduces
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long-term morbidity and mortality. Roux-en-Y gastric bypass
(RYGB) is one of the most efficient surgical methods, but for
unknown reasons, the success of weight loss varies among RYGB
patients, and some patients fail to achieve substantial weight loss
(le Roux et al., 2007).

The serotonin (5-HT) system and its role in feeding has been
studied for decades in animals, and numerous studies show that
the predominant effect of enhanced serotonergic neurotransmis-
sion is increased satiety, reduction of energy expenditure, and
body weight (Donovan and Tecott, 2013). The effect is possibly
connected to the signaling of the neuroendocrine substance
GLP-1 (Asarian, 2009), which is suggested to play a key role in
mediating the increased satiety after RYGB (Docherty and le
Roux, 2014). Only few studies have researched the serotonergic
neurotransmission in obese humans, but recent data suggest that
the 5-HT level in nucleus accumbens is inversely related to body
weight (Haahr et al,, 2012, 2014). Low 5-HT levels may thus lead
to increased food intake. The 5-HT,, receptor (5-HT,,R) is a
postsynaptic receptor densely located in neocortex (Adams et al.,
2004), whereas the 5-HT transporter (5-HTT) is situated presyn-
aptically and mainly in the subcortical structures (Erritzoe et al.,
2010b). In two large independent cohorts of humans, we have
seen a positive association between body mass index (BMI) and
the neocortical 5-HT,,R binding (Adams et al., 2004; Erritzoe et
al., 2009) and a negative association between BMI and subcortical
5-HTT binding (Erritzoe et al., 2010b), as measured with in vivo
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positron emission tomography (PET) brain imaging. These ob-
servations were also made in a polygenetic rat model of obesity
(Ratner et al., 2012). These cross-sectional studies do not, how-
ever, resolve whether alterations in the 5-HT system are causes or
consequences of obesity. Accordingly, the main goal of this pro-
spective intervention study was to determine whether altered
serotonergic neurotransmission is a stable trait of obesity, consis-
tent with a causal role, or whether it is influenced by the inter-
vention and subsequent weight loss, indicating that it is a
consequence of obesity.

We conducted PET brain imaging with the radioligands
['®F]altanserin and [''C]DASB and assessed the 5-HT,,R and
5-HTT availability in lean and in obese individuals before and
after RYGB. Self-reported satiety sensation and GLP-1 levels were
measured presurgically and postsurgically and were related to
BMI and the 5-HT marker levels. We expected to replicate the
previously found differences in cerebral 5-HT,,R and 5-HTT
levels between obese and lean individuals and hypothesized that
weight loss after RYGB would be associated with a normalization
of cerebral 5-HT,,R and 5-HTT binding. Moreover, we pre-
dicted that the presurgical 5-HT, R and 5-HTT levels and the
change in the two markers would be associated with the success of
weight loss after RYGB.

Materials and Methods

Participants. Twenty-one obese adult individuals (four men) with BMI
>35 kg/m?, approved and signed up for RYGB, were recruited from the
Department of Endocrinology, Hvidovre University Hospital, Denmark
(n = 20), or from Alleris-Hamlet Hospitals, Denmark (n = 1). Ten age-
and gender-matched lean (BMI, <27 kg/m?), healthy individuals (three
men) were recruited from public advertisements. After the study aim and
design had been explained, written informed consent was obtained from
each participant according to the declaration of Helsinki II. The study
was approved by the Ethical Committee of Copenhagen [protocol (KF)
01 2006-20 with amendment 18574].

The participants were initially screened for the following exclusion
criteria: neurological or psychiatric disease according to ICD-10; uncon-
trolled cardiovascular or endocrine disease; any use of illicit drugs within
the last 3 months, or lifetime use >10 times; use of prescribed antiobesity
medication, such as Rimobant, Orlistat, or Sibutramine; use of selective
serotonin reuptake inhibitors (SSRI) for the last 8 months; and previous
or current use of medication that significantly affects brain function
(e.g., limited use of NSAIDs was permitted). Moreover, participants
underwent the modified version of the semistructured interview Eat-
ing Disorder Examination to exclude participants with DSM-IV-
defined symptoms of binge eating disorder.

The participants were examined by a physician and had a normal
physical and neurological examination. They also had unremarkable
blood screens and structural MRI of the brain. To assess symptoms of
stress, psychopathology, and depression, the participants filled in the
SCL-90-R, the Major Depression Index, and Cohen’s Perceived Stress.
IQ was investigated with two subscales (the number series and verbal
analogies) of the Intelligenz-Struktur-Test 2000 R.

Before arrival at the PET facility, the RYGB participants fasted for 12 h,
and after arrival, they were served a mixed 400 kcal breakfast. We measured
satiety (with the question: How full are you?) on a visual analog scale and
collected venous blood for measurement of the gut hormone GLP-1 at 30
and 0 min before the meal and at 15, 30, 45, 60, 90, and 120 min after the meal.

PET imaging. The Siemens HRRT PET scanner with an approximate
in-plane resolution of 1.5 mm was used (Olesen et al., 2009). The scans
were reconstructed using iterative reconstruction with attenuation map
improvements. If head motion amounted to >3 mm, the PET frames
were corrected for intrascan movement by using the scaled least-squares
cost function in AIR (version 5.2.5).

[ ®F]altanserin was administrated as a combination of a bolus injec-
tion and a continuous infusion to produce tracer steady state in tissue
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and blood. The bolus component was worth 1.75 h of constant infusion,
and participants received a maximum of 3.7 MBq/kg body weight
[ '®F]altanserin. During constant infusion of [ '*FJaltanserin, a 40 min
PET scan (five frames of 8 min) was performed starting 2 h after bolus
injection, and five midframe venous blood samples were drawn for de-
termination of the metabolite-corrected plasma fraction of [ '*F]altan-
serin. For [ ''C]DASB, a dynamic 90 min emission recording (36 frames,
increasing progressively in duration from 10 s to 10 min) was initiated
immediately after a 20 s intravenous injection.

The outcome parameter for [ '*F]altanserin binding was the binding
potential of specific tracer binding (BP}). Cerebellum was used as a ref-
erence region because it represents nondisplaceable binding only. In
steady state, the BPy, is defined as follows:

BPp = (Cyor — Cap)/Cp = (fP X Bywait) Ko (1)

where Cy; and Cy, are steady-state mean count concentrations in the
volume of interest (VOI) and in the reference region, respectively; Cp, is
the steady-state concentration of nonmetabolized radiotracer in plasma;
fp is the free fraction of radiotracer; B,,,; is the density of receptor sites
available for tracer binding; and K} is the affinity constant of the radio-
tracer to the receptor.

The outcome parameter of the cerebral [ ''C]DASB binding within a
brain region is the nondisplaceable binding potential, designated BP,.
The BPy, was calculated for the VOIs using the cerebellum input as the
reference region with nonspecific binding. We used a modified reference
tissue model designed specifically for quantification of [''C]DASB
(MRTM/MRTM2) as described and evaluated by Ichise et al. (2003)
using the software PMOD (version 3.0).

Magnetic resonance imaging. High-resolution, 3D TI1-weighted
MPRAGE and T2-weighted Turbo Spin Echo structural MR images were
acquired in all participants, using a Siemens Magnetom Trio 3T MR
scanner, and used for segmentation and brain-masking. RYGB partici-
pants underwent brain MRI scans both before and after RYGB. The
interval between MRI and PET scans was 12 d (6-27) [median (inter-
quartile range (IQR)].

Volumes of interest. Mean emission images from the brain PET scans
were automatically aligned to the same individual’s corresponding MRI
using SPM5. Accurate coregistration was confirmed by visual inspection
across all planes. VOIs were automatically delineated on each individu-
al’s transaxial MRI slices in a strictly user-independent manner, as de-
scribed previously (Erritzoe et al., 2010b).

Our primary VOIs included those that previously had been identified
as being associated with BMI, i.e., neocortex for 5-HT, R binding (Err-
itzoe et al., 2009) and the combined caudate, putamen, and thalamus for
5-HTT binding (Erritzoe et al., 2010b).

GLP-1 measurements. Venous blood was collected into chilled EDTA
tubes and immediately cooled on ice and centrifuged at 4°C. Plasma was
stored at —20°C until analyzed. Plasma samples were assayed for total
GLP-1 immunoreactivity as described previously (Orskov et al., 1994)
using a radioimmunoassay (antiserum 89390) specific for the C terminal
of the GLP-1 molecule and reacting equally with intact GLP-1 and the
primary (N-terminally truncated) metabolite.

Participant flow and intervention. Twenty-one obese and 10 lean indi-
viduals were included in the baseline examinations. The intervention was
a standard laparoscopic RYGB technique, resulting in a gastric pouch
with a volume of ~25 ml, a 100 cm Roux limb, and a 75 cm biliopancre-
atic limb. Three participants failed to meet the requirement of an 8%
preoperative weight loss and were not offered RYGB. Additionally, four
obese participants did not complete the post-RYGB follow-up: three
participants opted for the postsurgical PET scan out, and one individual
could not be reinvestigated because of severe postsurgical complications.
We did, however, obtain the postsurgical BMI for three of them. Thus,
fourteen of the obese individuals were investigated twice, as they under-
went RYGB 3.1 months (1.8—6.0) [median (IQR)] after the baseline PET
scan and were reinvestigated 8.2 months (7.5-8.5) [median (IQR)] after
RYGB. Because of problems with radiotracer production, HPLC deter-
minations, or scanner issues, [ ®Faltanserin PET failed in one obese
individual at baseline and in two individuals after RYGB and for
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Figure 1.  The estimated correlation (with 95% confidence intervals) between neocortical
5-HT,,R binding (BP,) before RYGB and weight loss after RYGB. ABMI = BMI,,, — BMI

post*

["'C]DASB in one individual after RYGB. Altogether, we completed 31
baseline [ '*C]DASB and 30 [ '®F]altanserin PET scans of which 10 were
in lean individuals. Twelve ['®F]altanserin and 13 [''C]DASB PET
follow-up scans were available for analysis.

Statistics. Statistically significant differences between unpaired or
paired outcomes were evaluated with the appropriate two-tailed ¢ test
(paired, unpaired, or Welch’s ¢ test) or nonparametric tests (Mann—
Whitney U or Wilcoxon’s tests), when the data were not normally dis-
tributed according to D’Agostino and Pearson’s normality test. Gender
differences were evaluated with the x? test.

Demographic, psychiatric, and PET data were compared between the
age- and gender-matched obese and lean individuals and within individ-
uals before and after RYGB. Additionally, linear regressions were used to
assess the association between the pre-RYGB PET binding and the
change in BMI achieved after RYGB and to model the association be-
tween the change in PET binding and the change in BMI. The time from
RYGB to follow-up PET scans was included in the models but eliminated
if the contribution to the model was statistically insignificant. The asso-
ciation between 5-HT, R binding in neocortex and 5-HTT binding in
caudate—putamen—thalamus was modeled as described previously (Err-
itzoe et al., 2010a) using up to three polynomials.

Measures of appetite and the GLP-1 response before and after RYGB
were both generated by determining the area under the curve overa2.5h
period before and after a meal. A comparison was made between the
appetite scores and the GLP-1 response before and after RYGB, and,
moreover, the change in the two scores was tested for associations with
the change in BMI and the 5-HT marker changes.

A two-sided p level of 0.05 was considered significant in all analyses,
and the software used for statistical analyses was StatPlus:mac (Analyst-
Soft) or Prism 6 for Mac (GraphPad Software).

Results

Regression analyses revealed that pre-RYGB neocortical
5-HT,,R binding predicted weight loss (in BMI units, kg/m?)
achieved after RYGB (F, ,,) = 6.012, p = 0.028; Fig. 1). No such
association was seen between pre-RYGB 5-HTT binding and
weight loss (F(; ;) = 2.55, p = 0.14).

In accordance with previous findings (Adams et al., 2004; Err-
itzoe et al., 2009), neocortical 5-HT, ,R binding (BP},) was signif-
icantly higher in obese (2.53 * 0.95) relative to lean (1.82 * 0.46;
taso) = 2.74;p = 0.011, Welch’s ¢ test; Figs. 2, 3) individuals. This
observation was confirmed when taking f, into account; BP; was
higher in obese compared with lean individuals (p = 0.008), and
no correlation was seen between BP, and f, (p = 0.48). The
5-HT,,R BP;, binding remained higher in the obese individuals
relative to the lean individuals after RYGB (t,94) = 2.16; p =
0.043, unpaired ¢ test; Fig. 2). No significant differences were
found between presurgical and postsurgical 5-HT,,R binding
(2.44 = 0.76 vs 2.31 = 0.60; t(1, o) = 0.76; p = 0.46, paired t test).
Subcortical 5-HTT BPy, did not differ statistically significantly
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Figure2. Neocortical 5-HT, R binding (BP,) in pre-RYGB, post-RYGB, and lean individuals.
Bars show the mean and SDs for the three groups.

Figure3. Differences in mean 5-HT,,R binding across neocortex in obese (left) and healthy
(right) individuals. The color bar represents binding potential (BP,). The image was generated
using parametric maps generated using PXMOD and normalized into Montreal Neurological
Institute (MNI) space using SPM8 (failed for two obese individuals whose data were not in-
cluded). After smoothing mean BP,, maps were computed for each group and projected onto a
T1image in MNI space using a software package developed at the Neurobiology Research Unit,
Rigshospitalet.

between obese (2.09 % 0.35) and lean (1.99 * 0.34; t (59 ¢y = 0.76;
p = 0.46, unpaired t test) individuals, and no significant differ-
ences were found between presurgical and postsurgical 5-HTT
binding (2.16 * 0.34 vs 2.16 = 0.33; £, = 0.003; p = 0.998,
paired f test).

The changesin 5-HT, R and 5-HTT binding after RYGB were
significantly correlated to the change in BMI (5-HT,,R: F(, o) =
6.14, p = 0.035; 5-HTT: F, 5, = 22.61, p = 0.001; Fig. 4). The
finding illustrates that 5-HT, R or 5-HTT upregulation was as-
sociated with a smaller weight loss, whereas downregulation was
associated with a larger weight loss. The time from RYGB to
follow-up PET scans was included in the latter models, but since
this variable did not contribute to the model (p > 0.63), the
variable was excluded from the model.

We also investigated the intercorrelation between the
5-HT, R and the 5-HTT in this sample of lean and obese (before
and after RYGB) individuals. Our data clearly supported a
second-order polynomial relationship, based on Akaike’s infor-
mation criterion, and, accordingly, we reproduced in an inde-
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Figure 4.  RYGB induced change in BMI versus change in binding potential for cerebral

5-HT,,R and 5-HTT in individuals with both [ ""CIDASB PET and [ "®Flaltanserin PET rescans
(dashed line, 5-HT,,R BPp; solid line, 5-HTT BPyp). Each symbol indicates the 5-HT,, and 5-HTT
levelsin the individual persons. The open triangle represents the 5-HT,,R and the 5-HTT change
in one single individual associated with the change in BMI in that same individual; % change in BP is
the percentage change n the specificradiotracer binding defined as [(BP,,/BP .,.) — 1) > 100]; and
ABM!Iis the BMI after surgery subtracted by the BMI before surgery.
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Figure5. Thesolidlinerepresentsthe estimated quadratic relationship between neocortical
5-HT,AR-specific radiotracer binding (BP,) and subcortical (caudate, putamen, and thalamus)
5-HTT-specific radiotracer binding (BPyp). The 95% confidence interval is represented by the
thin lines. Black dots, Pre-RYGB participants; crosses, lean participants; open triangles, post-
RYGB participants.

pendent sample the inverted U-shape association between these
two markers as shown previously (Erritzoe et al., 2010a; Fig. 5).
Demographics, radiotracer doses, and psychiatric symptom
data are shown in Table 1. The presurgical group had ~60%
higher BMI than the lean individuals (t,; ¢y = 15.27; p < 0.0001,
Welch’s ¢ test). There was a trend for obese individuals having a
lower education level than lean individuals (¢,,,,) = 1.90; p =
0.08, Welch’s f test), but the intelligence scores were similar (p =
0.59, Mann—Whitney U test). The injected dose per kilogram of
body weight of [ '*F]altanserin was 8% lower in the presurgical
obese individuals than at rescan and in the lean individuals (p <
0.001). No difference was found in the plasma-free fraction of
[ '8F]altanserin between obese individuals at baseline and lean or
obese individuals before and after surgery (p = 0.27 and p = 0.42,
respectively; Mann—Whitney U test and Wilcoxon’s test). The
injected dose per kilogram of body weight of [''C]DASB was
lower in the presurgical obese group than in the lean individuals
and also compared with the time of the postsurgery scan (59 5, =
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Table 1. Demographics, radiotracer doses, and psychiatric symptom data of obese
and lean participants

Obese baseline  Obese rescans Lean control
n (allincluded participants) 21 (4 men)” 14 (2 men)® 10 (3 men)
BMI (kg/m?) 401+ 41 289 + 41 246+ 15
Age (years) 41384 43184 456 £9.7
["FJaltanserin dose (MBq/kg)  3.38 (2.85-3.62)  3.70 (3.64-3.70) 3.70 (3.70-3.74)
["FJaltanserin fy 0.33(0.27-0.41)  0.55(0.33-0.99) 0.43(0.28-0.73)
["'CIDASB dose (MBq/kg) 5.00 = 0.86 7.11 = 1.68 843 +136
Intelligence test 95.5(89.5-99.5)  92.5(90.0-98.5) 99.0 (88.0—112.5)
Education (years in school) 12514 119£10 14329
SCL-90-R (gsi) 035025 0.21 £0.20 0.25+0.28
Cohen’s perceived stress 9.8 =45 9.7 =50 102 =54
Major Depression Index 79 *+53 72*6.7 51+29

Data are given as mean == SD or median with the interquartile range in parentheses depending on the distribution.
["®F Jaltanserin f, is the plasma-free fraction of the parent compound. SCL-90-R (gsi) is a global measure of symp-
toms of psychopathology.

9In the [ "®FJaltanserin group, n = 20 (4 men).
®In the [ "®FJaltanserin group, n = 12 (2 men), and in the ["'C]DASB group, n = 13 (2 men).

8.56, p < 0.001 and #(;, oy = 4.17, p = 0.001, respectively; paired
and unpaired f test). Age, gender distribution, and psychiatric
scores were comparable between lean and obese individuals (all p
values >0.21, unpaired t tests and x* test) except that a trend was
observed (p = 0.07, Mann—Whitney U test) for the obese indi-
viduals having more psychiatric symptoms as measured by the
SCL-90-R than the lean individuals. However, all obese individuals
scored well below the cutoff for caseness (1.08 in the Danish popu-
lation; Olsen et al., 2006). The RYGB intervention was associated
with a 25.8% reduction in BMI (¢34, = 6.9; p < 0.0001, paired ¢
test), but none of the psychiatric scores changed significantly with
the weight loss (p values >0.11, Wilcoxon’s test or paired ¢ tests).

Patients that underwent RYGB showed a significant increase
in satiety and GLP-1 compared with before RYGB (p = 0.01 and
0.002, respectively; Wilcoxon’s test). However, no correlation
was found between the change in appetite scores or GLP-1 levels
and the changes in BMI or the 5-HT marker changes after RYGB
(all p values >0.084).

Discussion

Here, we present significant associations between weight changes
and the serotonergic neurotransmission in obese individuals, as
measured in vivo with molecular brain imaging.

First, we found that neocortical 5-HT,,R binding predicted
the size of the weight loss after RYGB (Fig. 1), and this suggests
that the 5-HT,,R availability is a biomarker for the weight loss
associated with gastric bypass. Interestingly, our data are sup-
ported by a recent study reporting that cerebral 5-HT, ,R binding
predicts body weight change in antipsychotic-naive schizophre-
nia patients when they initiate quetiapine treatment (Rasmussen
et al., 2014). These observations suggest that cortical 5-HT,,R
can be regarded as being a risk marker of obesity and does not
necessarily imply a primary role of 5-HT, R in obesity. Our find-
ing may have important implications for both surgical and non-
surgical management of obesity. Prediction of the long-term
outcome after bariatric surgery is paramount to select the obese
individuals, who have a limited effect of RYGB as the treatment is
costly and can have severe side effects (Colquitt et al., 2014). If
future studies confirm our finding, determination of the
5-HT,,R availability might become clinically important in sepa-
rating the patients who will benefit from RYGB from those who
are better treated nonsurgically.

The study also confirmed previous observations (Adams et al.,
2004; Erritzoe et al., 2009) that obese individuals have signifi-
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cantly higher neocortical 5-HT, 4R binding relative to lean indi-
viduals (Figs. 2, 3). According to Equation 1, our observation of
higher BP}, values in obese individuals can be attributable to three
factors, or a combination thereof: (1) increased f, 2) increased
B, ai OF (3) decreased K. We ruled out that there were differ-
ences in f, between lean and overweight individuals. Since it
seems less plausible that the affinity of the radioligand to
5-HT, R binding sites should be related to BMI, a more likely
interpretation is that the obese state is associated with a cerebral
upregulation of 5-HT,,Rs. Consistent evidence supports that the
5-HT, R adjusts to the 5-HT level in the brain such that deple-
tion of 5-HT levels results in increased 5-HT, R levels (Heal et
al., 1985; Cahir et al., 2007) and that increased 5-HT levels after,
for example, intake of SSRI or MDMA (3,4-methylenedioxy-
methamphetamine) results in reduction in 5-HT,,R binding
(Spigset and Mjorndal, 1997; Meyer et al., 2001; Giinther et al.,
2008; Licht et al., 2009; Di Iorio et al., 2012; Urban et al., 2012).
Therefore, we speculate that higher 5-HT, R availability reflects
lower 5-HT levels in obese individuals, leading to higher food
intake. This interpretation is in line with the well known appetite-
suppressing effect of central 5-HT (Donovan and Tecott, 2013).

The 5-HT-associated regulation of body weight might be of a
more complex nature. Some obese individuals had comparable
5-HT, R availability as lean individuals (Fig. 2), and we did not
identify a simple postsurgical upregulation or downregulation of
5-HT,R. Instead, in RYGB-treated individuals who experienced
only a small weight loss, the 5- HT, ,R was upregulated compared
with before RYGB, and vice versa (Fig. 4). Interestingly, the exact
same association was found for the 5-HTT. Given the inverse
correlation between the 5- HT, 4R and 5-HT, one can interpret a
high 5- HT,,R availability as corresponding to low cerebral
5-HT. Given that low central 5-HT is associated with higher ap-
petite (and vice versa; Lam et al., 2010), obese individuals with
high 5-HT, \R may constitute a subgroup of overweight individuals
characterized by a higher degree of deficient appetite, controlled
through serotonergic mechanisms. Overweight individuals with
normal 5-HT, sR availability may have acquired their overweight
through mechanisms unrelated to the 5-HT system. In this con-
text, we expected that the serotonergic markers would be related
to satiety and GLP-1 and thereby feeding pattern. Even though
we did find a significant increase in self-reported satiety and
GLP-1 levels after a standard meal after RYGB in the obese group,
we did not, however, find any association to serotonergic marker
changes.

The observed relationship between 5-HT,,R binding and
BMI could either reflect a direct role of this receptor in regulation
of appetite and food intake, or it could be secondary to other
changes in the serotonergic neurotransmission. However, the
identical pattern of postsurgical regulation of the 5-HT, R and
the 5-HTT suggests that the same regulator influences the two
5-HT markers after RYGB. Moreover, we reproduced the in-
verted U-shaped relationship between neocortical 5-HT,,R
binding and subcortical 5-HTT binding (Fig. 5), as described
previously (Erritzoe et al., 2010a). This finding supports that
within the single individual, the serotonergic markers have a set
point that is adjusted through a common regulator, which is
likely to be extracellular 5-HT levels determined by the output
from the 5-HT-producing neurons in the raphé nucleus in the
brain stem. Furthermore, because 5-HT,,R and 5-HTT binding
conformed to the inverted U-shaped function after the RYGB-
induced weight loss, this also supports that weight loss was not
associated with selective 5-HT,,R or 5-HTT regulation. These
observations suggest that cortical 5-HT,,R can be regarded as
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being a risk marker of obesity and does not necessarily imply a
primary role of 5-HT,,R in obesity.

We did not find differences between obese and lean and the
levels of the 5-HTT as observed previously (Erritzoe et al.,
2010D). A reason for that could be that the findings in the present
study support that the association between 5-HTT and 5-HT is
likely to be U shaped, given that the 5-HT,,R is correlated to
5-HT in a negative feedback manner and to 5-HTT in an inverted
U-shaped association. Therefore, group differences will be harder
to prove and are even less meaningful.

Some strengths and limitations of this study need to be con-
sidered. The strengths were the longitudinal design combined
with the concurrent measures of presynaptic and postsynaptic
5-HT markers. Hereby, the proposed model of central 5-HT lev-
els as a common regulator underlying the postsurgical marker
alterations and changes in BMI could be endorsed. Some poten-
tial limitations of our study should be mentioned. We did not
include an obese control group that was rescanned after 8
months, without surgical intervention. However, given the re-
ported consistency of 5-HT,,R upregulation in obesity, we do
not expect that obese individuals with stable body weight would
show any significant changes in their 5-HT,,R binding over a few
years. Obviously, the weight reduction after RYGB varies over
time, and we assessed the 5-HT system just at one time point after
surgery. It has, however, been shown that the maximal weight
reduction occurs after ~9 months (Sjostrom, 2008). Also, when
we included time between RYGB and the follow-up PET scan asa
covariate in the statistical models, the main outcome was un-
changed. Because of differences in body weight, the presurgical
obese individuals received a lower injected dose of [ '®F]altan-
serin and [''C]DASB per kilogram of body weight than lean
individuals. This difference in injected radioligand dose is,
however, taken into account when computing the binding
potentials. That is, [ '®F]altanserin brain binding is normal-
ized against the steady-state plasma [ '®FJaltanserin concen-
tration, and [''C]DASB quantification uses a reference brain
region as an indirect input function and is therefore independent
of the plasma concentration of [ ''C]DASB. We also showed that
the groupwise outcome of BP; was the same as for BP,. Our
observation of higher BP, values of ['®F]altanserin indicating
higher 5-HT,,R availability in obese individuals can, according
to Equation 1, be attributable to three factors, or a combination
thereof: (1) increased fp, (2) increased B,,,;, or (3) decreased Kj.
We ruled out that there were differences in f, (the plasma-free
fraction of the parent compound) between normal-weighted and
overweight individuals. Since it seems less plausible that the af-
finity of the radioligand to 5-HT, R binding sites should be re-
lated to BMI, a more likely interpretation is that the obese state is
associated with a cerebral upregulation of 5-HT, ,Rs.

In this study, we found evidence for a modulatory role of the
central 5-HT neurotransmission, in terms of extracellular 5-HT
levels, contributing to the initial obese condition as well as to the
subsequent regulation of body weight in response to RYGB. That
is, we propose that it is the status of the serotonergic neurotrans-
mission before RYGB that determines the weight loss achieved
after RYGB rather than the change in body weight influencing the
5-HT system. It is, however, important to emphasize that the
5-HT system works in concert with multiple other factors such
as diponectin, dopamine, endocannabinoids, ghrelin, leptin,
nesfatin-1, norepinephrine, orexin, oxytocin, vasopressin, CCK,
GLP-1, melanin-concentrating hormone, peptide YY, and stress
hormones (Takahashi, 2010). As noted, we found a larger inter-
individual variability in neocortical 5-HT, R binding in the pre-
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RYGB obese individuals compared with the lean individuals (Fig.
1), suggesting that some obese individuals have 5-HT levels com-
parable with lean individuals. Moreover, even with zero change
in the 5-HT markers, a considerable RYGB-associated weight
loss, in the order of 10 kg/m 2 was seen (Fig. 4). Therefore, this
study underlines the diversity in obesity mechanisms and sug-
gests that serotonergic neurotransmission plays a role in the con-
text of multiple other mechanisms that also regulate changes in
weight and that likewise are responsible for part of the RYGB-
induced weight loss and possibly, to a varying degree, in different
obese individuals. Clinically, our most important finding here
was the value of presurgical levels of cerebral 5-HT, R to predict
the 8-month outcome of RYGB. Though costly, it is possible that
cerebral 5-HT,,R PET scans could be indicated before bariatric
surgery to save the personal and societal costs of unsuccessful
RYGB. Future studies should explore these possibilities.
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