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Serotonin release measured in the human brain: a PET
study with [11C]CIMBI-36 and d-amphetamine challenge
David Erritzoe 1, Abhishekh H. Ashok2,3,4, Graham E. Searle5, Alessandro Colasanti6, Samuel Turton 1, Yvonne Lewis5,
Mickael Huiban5, Sara Moz5, Jan Passchier5, Azeem Saleem5, John Beaver5,7, Anne Lingford-Hughes1, David J. Nutt 1,
Oliver D. Howes2,3, Roger N. Gunn1,6, Gitte M. Knudsen8 and Eugenii A. Rabiner6

Positron emission tomography (PET) enables non-invasive estimation of neurotransmitter fluctuations in the living human brain.
While these methods have been applied to dopamine and some other transmitters, estimation of 5-hydroxytryptamine (5-HT;
Serotonin) release has proved to be challenging. Here we demonstrate the utility of the novel 5-HT2A receptor agonist radioligand,
[11C]CIMBI-36, and a d-amphetamine challenge to evaluate synaptic 5-HT changes in the living human brain. Seventeen healthy
male volunteers received [11C]CIMBI-36 PET scans before and 3 h after an oral dose of d-amphetamine (0.5 mg/kg). Dynamic
PET data were acquired over 90 min, and the total volume of distribution (VT) in the frontal cortex and the cerebellum derived
from a kinetic analysis using MA1. The frontal cortex binding potential (BPND

frontal) was calculated as (VT
frontal/VT

cerebellum)− 1.
ΔBPND

frontal= 1− (BPND
frontal post-dose/BPND

frontal baseline) was used as an index of 5-HT release. Statistical inference was tested by
means of a paired Students t-test evaluating a reduction in post-amphetamine [11C]CIMBI-36 BPND

frontal. Following d-amphetamine
administration, [11C]CIMBI-36 BPND

frontal was reduced by 14 ± 13% (p= 0.002). Similar effects were observed in other cortical regions
examined in an exploratory analysis. [11C]CIMBI-36 binding is sensitive to synaptic serotonin release in the human brain, and when
combined with a d-amphetamine challenge, the evaluation of the human brain serotonin system in neuropsychiatric disorders,
such as major depression and Parkinson’s disease is enabled.

Neuropsychopharmacology (2020) 45:804–810; https://doi.org/10.1038/s41386-019-0567-5

INTRODUCTION
Positron emission tomography (PET) and single photon emission
computed tomography (SPECT) enable the non-invasive measure-
ment of neurotransmitter fluctuations in the living human brain.
The measurement of extracellular dopamine release using PET/
SPECT in combination with dopamine releasing pharmacological
challenges has been well established over the past 20 years [1], but
similar assessment of synaptic serotonin has proven to be difficult.
Attempts to identify and characterize experimental paradigms and
serotoninergic radioligands sufficiently sensitive to detect changes
in endogenous serotonin levels following an acute pharmacological
challenge, have had limited success [2]. Studies using serotonin
2A receptor antagonist radioligands have generally failed to
demonstrate adequate sensitivity to challenges with fenfluramine
in rodents [3] or non-human primates [4], or SSRIs or ketamine in
humans [5–7]. Of the 19 human studies using radioligands
targeting the serotonin 1A, 1B, 2A, and 4 receptors, and the
serotonin transporter (SERT), three studies have detected a change
in signal in the expected direction following an acute pharmaco-
logical challenge (for review, see [8, 9]). These three positive studies

all have limitations. Specifically, the decrease in the cortical binding
of the serotonin 2A receptor ligand, [18F]altanserin, observed in
two of the studies [10, 11] are difficult to interpret, because
the pharmacological challenges used, clomipramine and nor-
dexfenfluramine (the major metabolite of dexfenfluramine used
as a 5-HT releasing agent), have significant affinity for the 5-HT2A
receptor, and direct occupancy of the target by these agents may
have contributed to the observed reductions in [18F]altanserin
binding [2]. The third study found displacement of the serotonin 1A
receptor antagonist ligand, [18F]MPPF, after fluoxetine challenge
in raphe—but not in any other investigated brain regions [12].
In contrast to these three positive studies, a paradoxical effect was
seen in two studies with serotonin 1A [13] and 1B [14] receptor
radioligands, where the binding of the ligands increased rather
than decreased after a pharmacological challenge with a selective
serotonin reuptake inhibiting compound.
The reasons for the limited success in the development of a

robust method to measure acute serotonin release in humans may
be related to the magnitude of the 5-HT release (a function of the
pharmacological paradigm used), the affinity of 5-HT for specific
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molecular targets tested, the magnitude of the displaceable signal
for the radioligands tested, or a combination of the factors above.
Selective serotonin reuptake inhibitors (SSRIs)—the pharmacological
challenge used in the vast majority of such studies—may not
produce sufficiently large 5-HT release in the serotonergic projection
areas following a single dose administration [15]. Using a
combination of microdialysis and a novel serotonin 2A receptor
agonist radioligand, [11C]CIMBI-36, in pig, Joergensen and colleagues
recently showed that the SSRI, citalopram (2mg/kg), was five times
less potent in its ability to increase extracellular serotonin levels
compared with the serotonin-releasing agent, fenfluramine (0.5mg/
kg) [16]. Until the introduction of [11C]CIMBI-36, the radioligands
examined have been antagonists, the binding of which may be less
sensitive to fluctuations of an endogenous agonist such as
serotonin, than that of agonist radioligands. While an agonist has
minimal affinity for the low-affinity state of a G-protein couple
receptor (GPCR) an antagonist will bind with equal facility to both
high and low-affinity states of the receptor. Thus a significant
proportion of the total binding of an antagonist radioligand will be
insensitive to the fluctuations of an endogenous agonist [2].
Recently, [11C]CIMBI-36 was found to be sensitive to serotonin-

releasing challenges in both pigs [16] and rhesus monkeys [17].
A pharmacologically induced 8-fold increase in interstitial 5-HT
led to 46% decrease in [11C]CIMBI-36 binding. When compared
with similar data on dopamine release examined with with
microdialysis and PET, these results indicated that [11C]CIMBI-36
was three times more sensitive to changes in serotonin than
[11C]raclopride (widely used in measuring brain dopamine
fluctuations), is to changes in extracellular dopamine [16]. In
line with the proposition mentioned above, however, a recent
study in humans showed that the combination of citalopram
and pindolol was insufficient to elicit acute unidirectional
changes in serotonin levels that could be detected with [11C]
CIMBI-36 PET in neocortex, although a decline was seen in
hippocampus [18]. To date, the effects of a more potent
serotonin-releasing agent on cerebral [11C]CIMBI-36 binding
has not been tested in humans.
D-amphetamine is a safe and widely used pharmacological

challenge agent for human studies. Although typically viewed as a
releaser of dopamine and noradrenaline, it has also been shown to
increase extracellular serotonin levels in pre-clinical experiments
[19–22]. Based on good serotonin-releasing potency, combined
with a favourable selectivity profiles of d-amphetamine (negligible
binding to serotonin 2A receptors [23]) and [11C]CIMBI-36 (>1000-
fold selectivity for the serotonin 2A receptor over dopaminergic
and noradrenergic targets [24]), we evaluated the utility of this
combination as a robust method to detect endogenous 5-HT
release in the living human brain.

METHODS
The study was sponsored by Imanova Ltd (now Invicro), London,
UK, and approved by local Ethics Committees (reference numbers:
14/EE/0103 and 12/LO/1117) and the Administration of Radioactive
Substances Advisory Committee (ARSAC, reference numbers: RPC
630/3764/-31344 & -28855), and all participants provided informed,
written consent. PET and Magnetic resonance (MR) scans of the
brain were carried out at the Invicro Imaging Centre, Hammersmith
Hospital, London, UK.

Participants
Seventeen healthy male volunteers were included in this study.
They were recruited by advertisements and word of mouth,
and received general medical and psychiatric screening.
Historical or current neurologic or psychiatric diseases, including
substance abuse or dependence, or significant traumatic brain
injury (>2 min loss of consciousness and/or requiring hospital
admission) were exclusion criteria, and none of the volunteers

had history of present or past use of psychoactive medications
including SSRI’s.

Subjective measures
State anxiety levels were assessed using Spielberger’s State
Anxiety Inventory (SSAI, scores ranging from 20 to 80) prior to
d-amphetamine administration (baseline) as well as at the
beginning and end of the post-challenge PET scan (SSAI was
only administered to 11 of the 17 participants). D-amphetamine-
induced anxiety was calculated as the difference between the
baseline and an average of the two post-challenge SSAI measures,
capturing state anxiety during the second PET scan. Self-rating of
d-amphetamine-induced “drug effect” was also acquired immedi-
ately before and after the second PET scan. An average of ratings
just before and after the post-d-amphetamine PET scan was used.
For 11 subjects ratings were acquired using a visual analogue
scale (VAS) of “I feel a drug effect” ranging from “not at all” to
“extremely”, for the remaining 6 subjects a VAS score was
estimated from an average of a Likert rating of least (=1) to most
(=5) high, measured before and after the post-d-amphetamine
PET scan.

Plasma d-amphetamine measures
Blood samples for d-amphetamine levels were acquired immedi-
ately before and after the second PET scan, i.e. at 3 and 4.5 h post-
d-amphetamine administration. An average of the 3 and 4.5 h
plasma level concentrations (i.e. mid-scan) was used to examine
the relationship between d-amphetamine dose and PET outcome
parameters.

PET acquisition
An intravenous cannula was inserted into a cubital or forearm vein
for radioligand administration, and a second cannula was inserted
into the radial artery prior to the scan to enable the collection of
arterial blood samples. All volunteers received [11C]CIMBI-36 PET
scans before and 3 h after a single oral dose of d-amphetamine (0.5
mg/kg) (see Fig. 1 for study design). A low-dose computed
tomography (CT) scan (30mAs, 130 KeV, 0.55 pitch) was performed
immediately before each PET scan in order to estimate attenuation.
The radioligand was administered as a bolus (over 20 s) in a volume
of 20mL at the start of the PET scans, all acquired on a Biograph 6
TruePoint PET/CT scanner (Siemens Healthcare, Erlangen, Germany).
Dynamic emission PET data were acquired over 90min and were
reconstructed into 26 frames (frame durations: 8 × 15, 3 × 60, 5 ×
120, 5 × 300, 5 × 600 s) using discrete inverse Fourier transform
(DIFT) reconstruction. Corrections were applied for attenuation,
randoms and scatter, and subject motion.

Arterial blood acquisition
Whole blood activity was measured using a continuous automatic
blood sampling system (Allogg AB, Marlefred, Sweden) acquired at
a rate of 5 mL/min. Discrete blood samples were taken at 2, 5, 10,
15, 20, 25, 30, 40, 50, 60, 70, 80 and 90min after scan start and
total radioactivity concentration was evaluated in both blood and
plasma in a Perkin Elmer 1470 10-well gamma counter. Discrete
blood samples were used to determine the fraction of plasma
radioactivity constituted by unchanged parent radioligand (Ppf)
using high-performance liquid chromatography (HPLC) analysis.
For each ligand, the plasma free fraction fp was measured by
ultrafiltration in triplicate using an arterial blood sample taken
prior to tracer injection. Individual measurements of fp are given
in Table 1.

MR acquisition
Structural magnetic resonance imaging (MRI) data were acquired
on the same day as the PET scans, using 3T (Magnetom Trio and
Verio, Siemens Healthcare Sector, Erlangen, Germany) with a 32-
receiver channel head matrix coil, in the sagittal plane, utilising a

Serotonin release measured in the human brain: a PET study with. . .
D Erritzoe et al.

805

Neuropsychopharmacology (2020) 45:804 – 810



3D magnetization prepared rapid gradient echo (MP-RAGE) scan
with the following parameters: repetition time= 2300milliseconds,
echo delay time= 2.98 ms, flip angle= 9°, isotropic voxels= 1.0 ×
1.0 × 1.0 mm, 160 slices, total scanning time= 5min, 3 s.

Image analysis
All image data were analysed using Invicro London’s in-house PET
data quantification tool, MIAKATTM (version 4.3.7, http://www.miakat.
org). MIAKATTM is implemented using MATLAB (version R2016a;
Mathworks Inc., Natick, MA, USA), and makes use of SPM12
(Wellcome Trust Centre for Neuroimaging, http://www.fil.ion.ucl.ac.
uk/spm) functions for image segmentation and registration.
Frame-by-frame motion correction was applied to the dynamic

PET data, and the CIC neuroanatomical atlas [25] (grey matter
masked using the subject’s own MRI) was applied to the PET data
by non-linear deformation parameters derived from the transfor-
mation of the structural MRI into standard space. The region-of-
interest (ROI) time-activity data were sampled from the frontal
cortex, a large region with high 5-HT2A receptor density that was
determined a priori as the main ROI. Exploratory analysis was
conducted for the parietal, temporal and occipital cortices. The
whole cerebellum was used as a reference region to estimate the
[11C]CIMBI-36 non-displaceable binding [26].
Regional total volumes of distribution (VT) were derived from

kinetic analysis using the multilinear analysis-1 (MA1) method [27].
Regional binding potential (BPND

ROI) was calculated as (VT
ROI/

VT
cerebellum)− 1. Serotonin release was quantified as ΔBPND= 1 –

(BPND
ROI post-dose/BPND

ROI baseline).
Statistical inference was tested by means of a paired Students

t-test evaluating a reduction in post-d-amphetamine [11C]CIMBI-
36 BPND. The relationship between serotonin release (ΔBPND)
and subjective drug effects and anxiety was tested using linear
regression.

RESULTS
Study conduct
Seventeen male volunteers were included in the analysis (see
Table 1 for demographic information). There was no difference
in average CIMBI-36 mass injected between the baseline and post-
d-amphetamine conditions (1.33 ± 0.14 μg versus 1.31 ± 0.17 μg,
p= 0.383).

[11C]CIMBI-36 PET data
Robust decreases in [11C]CIMBI-36 VT were observed post-d-
amphetamine administration across all cortical regions (13–15%,
p-values < 0.01). We also observed a post-d-amphetamine reduc-
tion in the cerebellar VT (7%, p= 0.004).
At baseline, the regional [11C]CIMBI-36 BPND distribution was

consistent with previous reports [28, 29], with high binding across
cortical areas (highest in temporal cortex mean BPND: 1.07 ± 0.3).
Following d-amphetamine administration, BPND was significantly
reduced in the frontal cortex (14 ± 13%, p= 0.002) (see Table 2
and Fig. 2), as well as across all neocortical regions examined
(ranging from 9 to 14%). There was a significant relationship
between the baseline BPND and the magnitude of ΔBPND
(Pearson’s r= 0.67 for the frontal cortex, Fig. 3).

D-amphetamine effects on PET and subjective measures
Consistent with previous imaging studies conducted by our team
with d-amphetamine as the pharmacological challenge [30, 31], an
oral dose of 0.5 mg/kg of d-amphetamine was well tolerated, and
no significant adverse effects were reported; average plasma
concentration mid-scan was 63 ± 20 µg/L, consistent with previous
studies using oral d-amphetamine challenge [32, 33]. Average
reported post-d-amphetamine VAS “drug effect” during the
second PET scan was 33 ± 18% (range: 0–65%), and change in
SSAI anxiety rating between baseline and post-d-amphetamine
was on average+ 1 ± 7 (range: −7 to +18, one-sample t-test: p=
0.628). No significant associations were identified between ΔBPND
and plasma d-amphetamine concentration, or between plasma d-
amphetamine concentration and ratings of anxiety or subjective
drug effects.

DISCUSSION
We provide the first demonstration of a practical and robust
method to evaluate serotonin release in the human cortex. [11C]
CIMBI-36 PET combined with an oral d-amphetamine challenge,
provides a useful method to investigate acute serotonin release in
the living human brain, similar to the methods used to investigate
dopamine release [1, 33]. Reductions of the order of ~14% in [11C]
CIMBI-36 BPND in the frontal cortex of healthy volunteers
are similar in magnitude and variability to the signal change
seen in the striatum with the d-amphetamine/[11C]raclopride

Table 1. Subject and PET scan parameters.

Subject parameters

Number of subjects (all male) 17

Age (years) 30.1 ± 7.5

BMI (kg/m2) 22.9 ± 3.2

Scan parameters Baseline Post-d-amph T-test (p-value)

Injected mass (µg) 1.33 ± 0.14 1.31 ± 0.17 ns

Injected activity (MBq) 161 ± 57 190 ± 60 0.019

Plasma free fraction 0.025 ± 0.004 0.026 ± 0.003 ns

9am 9.45am 10.30am–12pm 12.15–12.50 pm 1pm 4–5.30pm1.30pm 6.15pm

3 hrs

Fig. 1 Chart showing main study procedures carried out on the imaging visit (visit 2).
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combination. A signal change of this magnitude allows the
investigation of both increased and decreased 5-HT release in
patient populations, as was done for the dopamine system
(for review see [34, 35]).
A robust change in [11C]CIMBI-36 binding, in the hypothesized

direction, following a serotonin-releasing challenge, seen in our
data, is consistent with combined PET/microdialysis study in the
pig brain, where a 11-fold increase in extracellular 5-HT following
the administration of d-fenfluramine, resulted in a 44% reduction
in [11C]CIMBI-36 BPND [16]. D-amphetamine is a potent serotonin
releaser [19, 20, 22, 36] although usually seen as an agent for
dopamine and noradrenaline release. Intra-peritoneal administra-
tion of 4 mg/kg d-amphetamine led to increases in extracellular
serotonin similar to those following 3mg/kg fenfluramine,
and exceeding those seen following 10mg/kg administration
of the SSRI fluoxetine [19]. Furthermore, pre-treatment with
d-amphetamine was recently shown to reduce binding of the
5-HT1b antagonist, [11C]AZ10419369, to the same degree as the
potent 5-HT releaser [37], MDMA, when administered in same

dose (1 mg/kg) in non-human primates [36]. In contrast to
fenfluramine which was withdrawn from the market two decades
ago [38], d-amphetamine is readily available for human research
and is considered to be safe as an acute pharmacological
challenge. In multiple studies conducted in our centre,
d-amphetamine demonstrated very good tolerability and low
level of adverse events [30, 31, 33]. Importantly, d-amphetamine
has negligible affinity for the serotonin 2A receptor (Ki > 10,000
nM in [23], whereas [11C]CIMBI-36 has >1000-fold selectivity for
the serotonin 2A receptor over dopaminergic and noradrenergic
targets [24]. Therefore, competition between (1) d-amphetamine
and [11C]CIMBI-36 on the 2A receptor, or (2) between non-
serotonin mono-amines and [11C]CIMBI-36 at dopaminergic or
noradrenergic targets, cannot explain the decrease in [11C]CIMBI-
36 BPND after a d-amphetamine challenge. Overall, available
data strongly supports the conclusion that the observed
d-amphetamine-induced reduction of [11C]CIMBI-36 BPND can be
interpreted as a consequence of increased extracellular serotonin.
Of note, past studies evaluating other 5-HT PET ligands found
some relationship between sleep/wake cycles and 5-HT receptor

Table 2. Regional MA1-derived [11C]CIMBI-36 distribution volumes (VT) and binding potentials (BPND), before and 3 h after d-amphetamine challenge.

VT BPND Delta-BPND (%)

Baseline (Av ± SD) Post-d-amph (Av ± SD) Baseline (Av ± SD) Post-d-amph (Av ± SD) Av ± SD p-value

MA1

Frontal Ctx 26.93 ± 5.43 22.85 ± 3.20 1.04 ± 0.31 0.87 ± 0.20 14.06 ± 12.94 0.002

Parietal Ctx 25.86 ± 5.14 22.26 ± 3.08 0.96 ± 0.28 0.82 ± 0.19 11.03 ± 18.72 0.011

Temporal Ctx 27.41 ± 4.81 23.68 ± 3.50 1.07 ± 0.25 0.93 ± 0.17 11.22 ± 14.78 0.009

Occipital Ctx 26.88 ± 4.74 23.48 ± 3.53 1.03 ± 0.24 0.91 ± 0.18 9.48 ± 15.56 0.013

Cerebellum 13.21 ± 1.60 12.28 ± 1.42 – – – –

2TCM

Frontal Ctx 27.28 ± 5.57 23.22 ± 3.39 1.06 ± 0.32 0.89 ± 0.20 13.52 ± 13.13 0.002

Parietal Ctx 26.18 ± 5.22 22.60 ± 3.21 0.97 ± 0.29 0.84 ± 0.19 10.29 ± 20.32 0.014

Temporal Ctx 27.83 ± 4.97 24.09 ± 3.72 1.10 ± 0.26 0.95 ± 0.18 10.99 ± 15.22 0.010

Occipital Ctx 27.14 ± 4.78 23.81 ± 3.66 1.05 ± 0.24 0.93 ± 0.18 8.82 ± 16.09 0.018

Cerebellum 13.25 ± 1.63 12.33 ± 1.44 – – – –

SRTM

Frontal Ctx – – 0.91 ± 0.33 0.74 ± 0.22 13.71 ± 24.51 0.016

Parietal Ctx – – 0.86 ± 0.34 0.72 ± 0.19 7.63 ± 35.89 0.059

Temporal Ctx – – 0.93 ± 0.30 0.80 ± 0.19 8.50 ± 25.73 0.063

Occipital Ctx – – 0.89 ± 0.27 0.80 ± 0.19 6.98 ± 18.95 0.041

Cerebellum – – – – – –

Delta-BPND, or 5-HT release capacity, was calculated as 1 – (BPND post-dose/BPND baseline)

Fig. 2 Individual (and average) [11C]CIMBI-36 non-displaceable
binding potentials (BPND), before (PET1) and 3 h after (PET2) an oral
d-amphetamine challenge.

Fig. 3 Relationship between frontal cortex BPND and ΔBPND post-
amphetamine administration.
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density [39, 40]. Our subjects may have had some changes in
arousal following amphetamine administration, potentially intro-
ducing a small additional contribution the signal change we
observed.
We saw no correlation between plasma levels of d-amphetamine

and changes in [11C]CIMBI-36 BPND, or between [11C]CIMBI-36 BPND
changes and either anxiety scores or subjective “drug effects”. In
contrast, the magnitude of subjective/euphoric effects of ampheta-
mine has previously been observed to correlate with both
endogenous dopamine and opioid release as assessed with [11C]
raclopride-PET [41–43] and [11C]carfentanil-PET [30], respectively.
Importantly, these studies not only focused on release of two
transmitters known to be directly involved in reward processing (for
reviews, please see [44] and [45] for opioid and dopamine systems,
respectively), but also reported specifically from the ventral striatum,
a key region for rewarding effects of substances [46]. Due to the
relatively low density of serotonin 2A receptors in most subcortical
brains regions, including the striatum (BPND < 0.3 [26]), [11C]CIMBI-36
does not provide sufficient signal to examine serotonin release in
this region.
We observed a small but significant reduction in the cerebellar

[11C]CIMBI-36 VT post-d-amphetamine (7%). As the cerebellum
serves as the reference region used in the calculation of the BPND,
changes in the cerebellar VT should be assessed carefully to
estimate their impact on the study findings. In our case, the
magnitude of the reduction is small, and cannot explain a
reduction in cortical BPND, as it would lead to an increase rather
than a decrease in the cortical BPND, moderating any reductions
due to serotonin release.
We have chosen the MA1 model to quantify our data, rather

than the more standard two tissue compartment model (2TCM) as
MA1 does not make a priori assumptions about the number of
compartments in the model, an advantage for a ligand such as
[11C]CIMBI-36, where for some ROI, a one tissue compartment
model (1TCM) appears to be preferable to 2TCM in some subjects.
The 2TCM produced very similar results (a reduction in cortical
BPND of 9–14%, see Fig. 4 and Table 2). An analysis not requiring
the use of an arterial plasma input function (such as a simplified
reference tissue model—SRTM) would provide significant advan-
tages with regard to study logistics, costs and subject comfort. We
have also evaluated our data using SRTM with a cerebellar input
function, but while the SRTM based results provide generally
similar conclusions to the 2TCM and MA1 data, there was only
moderate correspondence between SRTM and 2TCM/MA1 results
(see Fig. 4 and Table 2). The relationship between SRTM and 2TCM
quantification, seen in our study is consistent with that reported
previously [26]. We have not explored extensively the reasons for
the less than optimal correspondence between 2TCM/MA1 and
SRTM data, but assumption of one tissue compartment kinetics
and the lack of correction for blood volume contribution inherent
in the SRTM model may be relevant factors here. The latter factor

may be particularly relevant in a study using a highly vasoactive
challenge such as d-amphetamine challenge, that may result in
changes in vascular parameters that would be particularly notable
in a region with very low binding, such as the cerebellum.
We observed a significant relationship between the baseline

[11C]CIMBI-36 BPND and the magnitude of d-amphetamine
induced change. We have no robust explanation, but may
speculate about the potential mechanisms underlying such an
effect. If significant differences in synaptic 5-HT concentration are
present across individuals, and the absolute magnitude of 5-HT
released by a given dose of d-amphetamine were similar across
individuals (rather than being a function of the baseline 5-HT
concentration)—then a relationship between baseline [11C]CIMBI-
36 BPND and the magnitude of d-amphetamine induced change,
similar to the one we observed, would be expected.
Similarly to the unsuccessful previous attempts to develop a

neuroimaging method to assess acute serotonin release using
5-HT2A radioligands [8, 9], studies using 5-HT1A selective
radioligands such as [11C]WAY100-635 and [11C]CUMI-101 have
also produced mixed results. A paradoxical effect (increases in
radioligand binding following the administration of the selective
serotonin reuptake inhibitor citalopram) has been reported in two
other studies using serotonin 5-HT1A [13] and 5-HT1B [14]
antagonist radioligands. The authors explained their results by
hypothesizing a reduction in 5-HT release in the terminal fields,
due to the activity of increased 5-HT on the inhibitory
somatodendritic 5-HT1A autoreceptors in the raphe nuclei,
consistent with some microdialysis data in rodents [47, 48]. Such
an explanation would be consistent with a reduction in
radioligand binding in the raphe region in these studies, but this
has not been conclusively demonstrated. Studies with 5-HT1B
antagonists ([11C]P943, [11C]AZ10419369) in non-human primates
have demonstrated significant changes in radioligand binding in
the hypothesized direction, following the administration of the
5-HT releasing agents fenfluramine (REFS), amphetamine and high
doses of SSRIs [9].
The inconsistent results above may therefore reflect the

deficiency of many of the pharmacological paradigms used to
date, to elicit large magnitude release of 5-HT. Recent data also
suggest that the pharmacological response in terms of serotonin
release may be highly interindividually different [18]. The limited
sensitivity of the antagonist radioligands used to date, to detect
the binding of the agonist serotonin, is a contributory factor.
Serotonin releasers such as fenfluramine and amphetamine are
known to produce significantly higher change in extracellular
serotonin levels compared with the challenges above. Micro-
dialysis evaluation in the pig brain found a 11-fold increase in
extracellular serotonin concentration following a 0.5 mg/kg
challenge with the serotonin releaser fenfluramine, compared
with a twofold increase after 2 mg/kg of citalopram [16]. Such
small increases in cortical serotonin following a single dose of

Fig. 4 Comparison of regional BPND values derived by 2TCM method to those derived by MA1 and SRTM.
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citalopram are likely to explain the lack of effect on [11C]CIMBI-36
BPND seen in a recent human PET study using a citalopram
challenge [49].
A limitation of our study was the fixed order of the two scans;

with post-d-amphetamine scans conducted 6 h after the baseline
scans. This fixed order raises the possibility of an order effect—due
to either a systemic variation serotonin 2A receptor binding, or
serotonin levels (due to diurnal variability or a non-specific effects
of the experimental procedures—such as a difference in anxiety
levels between baseline- and post-d-amphetamine scans) or due to
a direct occupancy effect of the unlabelled CIMBI-36 carried over
from the baseline d-amphetamine scan. We do not believe these
considerations are relevant for the explanation of our data. [11C]
CIMBI-36 test-retest data in eight healthy human volunteers,
obtained with test and retest scans conducted at different times
of the day (with duration of between 3 h and several weeks
between the two scans) do not suggest any diurnal effect. In that
data set, of the 8 “late scans” 4 were 3–6% higher whereas 4 others
were 1–6% lower as compared with the 8 “early scans” ([29] and
additional communication with NeuroPharm, Copenhagen). With
regard to a potential carry-over effect from early to late scans,
CIMBI-36 in the 0–5 µg range did not affect cortical binding in the
pig brain (Møller, personal communication). In our study, the
maximal administered dose of CIMBI-36 was 1.5 µg, indicating that
a carry-over effects are unlikely to explain the outcome.
In conclusion, we find that cerebral [11C]CIMBI-36 binding is

sensitive to acute synaptic serotonin release in the human brain,
and when combined with a d-amphetamine challenge the human
brain serotonin system can be evaluated in neuropsychiatric
disorders, such as major depression.
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