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Outline of talk
• Neurotransmission – what is it?
• The Tool Kit: molecular and multimodal brain imaging
– Magnetic Resonance Imaging (MRI)

• Structural MRI
• Functional MRI

– Positron Emission Tomography (PET)
• What makes a good radioligand for brain?
• Typical study designs
– Studies of pathophysiology

• Group comparison: cross-sectional vs. longitudinal
• Imaging genetics: vulnerability vs. individual genes

– Studies of vulnerability traits in healthy subjects
– Studies of neurotransmission dynamics
– Large-scale studies



Levels of analysis

Brain volume (MRI)

Brain function (fMRI)

Brain white matter integrity (DTI)

Brain metabolism (glucose and amino acids)

Specific neurotransmitters (NT PET)

Neurotransmitter activation (NT PET)

Structure-function

Neurochemistry

Plus: TSPO, beta-amyloid, tau, synaptic
vesicle glycoprotein, etc.



Brain PET imaging: pros & cons

• What is excellent:
– Molecule-level phenomena in living tissue = unique
– Non-invasive = no brain biopsy needed
– High chemical resolution = measure only one thing
– High sensitivity = measure very small amount (nanomolar)

• What are the limitations:
– Modest spatial resolution (typically 4–6 mm)
– Poor time resolution (minutes)
– Ionizing radiation (typically about 2–4 mSv per injection for 11C tracers)
– Limited availability
– High cost





Major differences between in vitro measurements 
and in vivo PET

• In vivo PET: usually, tracer doses are used (F<<KD)
• Thus, receptors are not occupied at all → Bmax or KD cannot be measured 

separately, only their ratio (BPF)!
• In vitro, multiple levels of saturation is used to describe Bmax and KD

• In vivo PET: regional blood flow, extraction, binding to plasma proteins, 
non-specific binding, multiple populations of specific binding sites, internal 
milieu (pH, ion concentrations etc), receptor trafficking (internalization), 
radioactive metabolites of the radiotracer, endogenous neurotransmitters, 
factors related to PET instrumentation…



What is neurotransmission?

• Mechanisms responsible for chemical communication between 
neurons in brain

• Along the signaling pathway:
– Neurotransmitter synthesis and storage
– Neurotransmitter release
– Pre- and postsynaptic receptors
– Reuptake and catabolism
– Second messenger systems and other downstream effects



Neurotransmitter systems
• Dopamine

– Synthesis capacity, dopamine D2 receptors, dopamine D1 receptors, 
dopamine transporter

• Serotonin
– Pre- and post-synaptic 5-HT1AR, 5-HT2AR, serotonin transporter, MAO activity

• Glutamate
– mGluR5

• Gamma-aminobutyric acid (GABA)
• Cholinergic
• Cannabinoid

– Presynaptic CB1 receptors, CB2 receptors?
• Opioid

– Mu-, kappa-, sigma receptors
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Table 1. Tracers listed by target category. Descriptions of distinguishing characteristics 
are given as well as year of introduction (corresponding to first peer-reviewed publication 
in humans). Years were determined by a keyword search of  <tracer name>  AND 
(positron OR PET) using Thompson Reuters Web of Science.

Target  
System Radioligand Protein target Description

Year of 
introduction

Dopamine [11C]raclopride D2/3 receptor D2/3 antagonist 1985
[18F]fallypride D2/3 receptor D2/3 antagonist 2002
[11C]fallypride D2/3 receptor D2/3 antagonist 2009
[11C]FLB457 D2/3 receptor D2/3 antagonist 1999
[11C]-(+)-PHNO D2/3 receptor D2/3 agonist 2006
[11C]NPA D2/3 receptor D2/3 agonist 2008
[11C]MNPA D2/3 receptor D2/3 agonist 2009
[11C]NNC112 D1 receptor D1 antagonist 1998
[11C]SCH23390 D1 receptor D1 antagonist 1991
[11C]PE2I DAT DAT antagonist 2006
[11C]altropane DAT DAT antagonist 2007
[18F]CFT DAT DAT antagonist 1998
[11C]CFT DAT DAT antagonist 1998
[18F]DOPA DA terminals Substrate for AADC 1986
[18F]FMT DA terminals Substrate for AADC 1995
[11C]DTBZ VMAT2 VMAT2 antagonist 1996
[18F]AV133 VMAT2 VMAT2 antagonist 2009

Serotonin [11C]McN5652 SERT SERT antagonist 1995
[11C]DASB SERT SERT antagonist 2000
[11C]AFM SERT SERT antagonist 2011
[11C]HOMADAM SERT SERT antagonist 2011
[11C -carbonyl] 
WAY100635

5-HT1A receptor 5-HT1A antagonist 1998

[18F]MPPF 5-HT1A receptor 5-HT1A antagonist 2000
[18F]FCWAY 5-HT1A receptor 5-HT1A antagonist 2003
[11C]CUMI101 5-HT1A receptor 5-HT1A antagonist 2010
[11C]MDL100907 5-HT2A receptor 5-HT2A antagonist 1998
[11C]CIMBI-36 5-HT2A receptor 5-HT2A agonist 2014
[18F]Altanserin 5-HT2A receptor 5-HT2A antagonist 1994
[11C]P943 5-HT1B receptor 5-HT1B antagonist 2010
[11C]AZ10419369 5-HT1B receptor 5-HT1B antagonist 2011
[11C]GSK215083 5-HT6 receptor 5-HT6 antagonist 2012

Norepinepherine [18F]MeNER NET NET antagonist 2005
[11C]MRB NET NET antagonist 2007

Opioid [11C]carfentanil µ opioid receptor µ opioid agonist 1988
[11C]diprenorphine opioid receptor Non-selective opioid  

antagonist
1988

[11C]LY2795050 κ opioid receptor κ opioid antagonist 2015
Acetylcholine 2-[18F]-FA-85380 nicotinic receptor α4β2 nAChR antagonist 2005

[18F]FP-TZTP muscarinic M2 M2 agonist 2003
Glycine [11C]GSK931145 GlyT1 GlyT1 antagonist 2011

[11C]RO5013853 GlyT1 GlyT1 antagonist 2013
GABA [11C]flumazenil GABAA receptor GABAA antagonist 1985

(Continued)
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Pharma has adopted this technology to de-risk the development of novel CNS drugs, provid-
ing confidence in brain penetration and rich dosing information from small human cohorts in 
Phase 1 studies (Gunn and Rabiner 2014).

It is evident from the examination of figure 1, that following the seminal work by Wagner 
and Farde, the first decade (1984–1993) was dominated by imaging of GPCRs, in particular 
dopamine receptors. Other early receptor targets included opioid receptors with [11C]carfen-
tanil (Frost et al 1989) and [11C]diprenorphine (Jones et al 1994) and the initiation of TSPO 
imaging with [11C]PK11195 (Pappata et al 1991, Ramsay et al 1992).

The second decade (1994–2003) saw a dramatic increase in the breadth and volume of 
work with ~6 times as many papers published. There was an increased proportion and volume 
of activity around imaging of enzymes with measures of dopamine synthesis derived from 
[18F]Dopa gaining traction and providing valuable information on presynaptic dysfunction in 
Parkinson’s (Nagasawa et al 1993) and schizophrenia (Grunder et al 2003). The portfolio of 
GPCR radiotracers was expanded significantly, particularly in the area of serotonergic targets 

Glutamate [11C]ABP688 mGluR5 Allosteric antagonist 2008
[18F]FPEB mGluR5 Allosteric antagonist 2013

Substance P [18F]SPA-RQ NK1 receptor NK1 antagonist 2004
Enzymes [11C]deprenyl MAO B MAO B antagonist 1987

[11C]clorgyline MAO A MAO A antagonist 1987
[11C]rolipram PDE4 PDE4 antagonist 2002
[11C]IMA107 PDE10 PDE10 antagonist 2014
[18F]MNI659 PDE10 PDE10 antagonist 2014

TSPO [11C]PK11195 TSPO TSPO ligand 1999
[11C]PBR28 TSPO TSPO ligand 2008
[18F]PBR06 TSPO TSPO ligand 2009
[18F]PBR111 TSPO TSPO ligand 2013
[18F]FEPPA TSPO TSPO ligand 2011

Cannabinoid [11C]OMAR CB1 receptor CB1 antagonist 2010
[18F]MK9470 CB1 receptor CB1 antagonist 2008
[11C]CURB FAAH FAAH antagonist 2013

β-amyloida [11C]PiB β-amyloid β-sheet fibrils of β-amyloid 2004
[11C]AZD2184 β-amyloid β-sheet fibrils of β-amyloid 2009
[11C]AZD4694 β-amyloid β-sheet fibrils of β-amyloid 2012
[18F]GE067 β-amyloid β-sheet fibrils of β-amyloid 2009
[11C]SB13 β-amyloid β-sheet fibrils of β-amyloid 2007
[18F]BAY94-9172 β-amyloid β-sheet fibrils of β-amyloid 2008
[18F]AV45 β-amyloid β-sheet fibrils of β-amyloid 2012
[18F]FDDNP β-amyloid β-sheet fibrils of β-amyloid 2006

Tau [18F]AV-1451b Tau PHF -tau 2013
[18F]THK5117 Tau PHF -tau 2013
[18F]THK5351 Tau PHF -tau 2014
[11C]-PBB3 Tau PHF -tau 2013

a These radioligands generally bind to β-sheet fibrils of β-amyloid in plaques and CAA. [18F]FDDNP was listed 
only in this manner, although it has purported specificity for β-pleated sheet conformation present in amyloid fibrils 
of all types, including NFTs (Kepe et al 2013, Small et al 2013).
b Originally [18F]T807 (Siemens Medical Solution).

Table 1. (Continued)

Target  
System Radioligand Protein target Description

Year of 
introduction
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Abstract
PET imaging of proteins in the human brain with high affinity radiolabelled 
molecules has a history stretching back over 30 years. During this period the 
portfolio of protein targets that can be imaged has increased significantly 
through successes in radioligand discovery and development. This portfolio 
now spans six major categories of proteins; G-protein coupled receptors, 
membrane transporters, ligand gated ion channels, enzymes, misfolded 
proteins and tryptophan-rich sensory proteins. In parallel to these achievements 
in radiochemical sciences there have also been significant advances in the 
quantitative analysis and interpretation of the imaging data including the 
development of methods for image registration, image segmentation, tracer 
compartmental modeling, reference tissue kinetic analysis and partial volume 
correction. In this review, we analyze the activity of the field around each 
of the protein targets in order to give a perspective on the historical focus 
and the possible future trajectory of the field. The important neurobiology 
and pharmacology is introduced for each of the six protein classes and we 
present established radioligands for each that have successfully transitioned 
to quantitative imaging in humans. We present a standard quantitative analysis 
workflow for these radioligands which takes the dynamic PET data, associated 
blood and anatomical MRI data as the inputs to a series of image processing 
and bio-mathematical modeling steps before outputting the outcome measure 
of interest on either a regional or parametric image basis. The quantitative 
outcome measures are then used in a range of different imaging studies 
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What makes a good radioligand for brain?

• Sufficient target density and ligand affinity (Bmax/KD≈5)
• High brain uptake (>100%)
• High pharmacological selectivity
• Optimal lipophilicity (LogP=2.5–4)

– Sufficiently high to cross blood-brain barrier
– Not too high to cause non-specific binding

• No brain-penetrant radiometabolites
• Not substrate for efflux transporters at BBB (e.g., P-gp)
• Quantifiable plasma protein binding
• Amenability to rapid labeling with high specific activity
• Fast enough kinetics to allow measurement in a few hours



18F-FMPEP-d2: high brain uptake despite high 
lipophilicity

Terry et al. J Nucl Med 2010;51:112-120.

• 18F-FMPEP-d2 for cannabinoid CB1 receptor
• Very lipophilic (LogP= 4.8)

- high protein binding
- high non-specific binding

• However, high brain uptake and specific binding because 
CB1 receptor is highest density GPCR in mammalian brain

• Monkey study shows 90% of VT is specific binding



11C-PE2I: distribution of dopamine transporter in 
human brain

Hirvonen et al. J Cereb Blood Flow 
Metab 2008;28(5):1059-69.

uptake in the PET images (Figure 2). Average
regional time–activity curves are shown in Figure 3.

Tissue-to-plasma ratios were calculated by divid-
ing the regional radioactivity concentration (kBq/mL)
with the plasma concentration of unchanged
[11C]PE2I in each time point (Figure 4). Cerebellar
ratios started to decline during the acquisition time
but ratios in the high-density striatal regions tended
to increase during the whole scanning time. Ratios in
the midbrain appeared to reach a steady state.

Total tissue VT values were estimated according to
the 1TM and 2TM configurations (Tables 2 and 3).
Analysis of the Akaike information criteria values
revealed that the 2TM provided better fits than 1TM
in CER and THA, but no differences were seen in
other regions. Generally, the two approaches gave
similar data: VT values were high for striatal high-
density regions (50 to 75), intermediate for midbrain
(8 to 9) and thalamus (4 to 5), and low for cerebellum

(B3) and frontal cortex (3 to 4). VT from the frontal
cortex was practically similar to cerebellar VT, and
this region was omitted from further analysis.

VT was also estimated based on the MTGA (Logan
plot). However, a linear part of the Logan plot could
not be determined in high-density regions: VT-MTGA

estimates were dependent on the start time of the
integral up to 45mins. Therefore, MTGA analysis
was not continued.

Figure 2 Visualization of [11C]PE2I images. A mean image of
PET-to-PET coregistered summed PET images is overlaid on a
T1-weighted MR image of one subject at the level of the
striatum (A) and midbrain (B). In panel B, the black square in
the left-hand image denotes the area of the right-hand enlarged
image.

Figure 3 Regional radioactivity concentration, expressed as the
standard uptake value (radioactivity concentration (kBq/mL)/
injected dose (kBq)/body mass (g)) plotted against time in test
(N=5) and retest (N=5) scans. Error bars denote standard
deviation.

Figure 1 Metabolism of [11C]PE2I, as illustrated by a typical
radio-HPLC chromatogram from one subject at 10mins
(A), and average (N=10) fractions of total plasma radioactivity
at different time points for [11C]PE2I and radiometabolites
(B). Error bars denote standard deviation.

Reproducibility of [11C]PE2I using HRRT PET
J Hirvonen et al

5
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carbonyl-11C-WAY-100635: distribution of serotonin 
5-HT1A receptors in human brain

Parsey et al. Biol Psychiatry 2010;68(2):170-8.

Results

Replication
The previous cohort NRM have higher [11C]WAY-100635 BPF

compared with previous control subjects (df ! 1,48; F ! 4.621;
p ! .037). The new cohort NRM have higher [11C]WAY-100635
BPF compared with the new control subjects (df ! 1,29; F !
4.606; p ! .04; Figure 1). Combining the previous and new
cohort NRM and control subjects, the NRM have higher BPF than
control subjects (df ! 1,79; F ! 17.77; p ! .0001; Figure 2). As
mentioned above, groups differed in ID and IM. When IM is
added to the model, the p value is unchanged. When ID is added,
p ! .0006. Within the combined group of 51 control subjects,
we also find higher BPF in female subjects compared with male
subjects (df ! 1,49; F ! 5.16; p ! .0276) and an inverse
correlation between total lifetime aggression and BPF in the
raphe (R2 ! .12; p ! .001) and ventral prefrontal cortex (R2 !
.05; p ! .025), consistent with previous findings (37). When sex

and aggression are included in the analysis, the group effect
remains (df ! 1,75; F ! 16.59; p ! .0001).

Reconciliation
All subsequent analyses consider the combined previous and

new cohorts of NRM and control subjects. We find no differences
between the NRM and control subjects when BPND is estimated
from a 2T model with CWM as a RR (df ! 1,79; F ! .03; p ! .86).
There is no difference when using BPND from SRTM with CWM
as RR (df ! 1,77; F ! .00; p ! .99). However, a group effect is
found when BPND is estimated using SRTM with CGM, not CWM,
as the RR (df ! 1,78; F ! 4.63; p ! .034; Figure 3). This could be
explained by a difference in CGM VT between NRM and control
subjects, as there are a small but quantifiable number of 5-HT1A

in the CGM (13). In fact, CWM VT is different from CGM VT (df !
1,18; t ! 16.2; p " .0001). Cerebellar gray matter VT generates a
group effect (df ! 1,79; F ! 7.59; p ! .0072; Figure S1 in
Supplement 1). Cerebellar white matter VT has no group effect

Figure 2. Voxel-based analysis. All positron-emission to-
mography data were registered using each individual’s
MRI to the MNI single subject MRI template (first row).
Individual BPF maps were averaged voxel-by-voxel in the
control (second row) and not recently medicated (NRM)
(third row) groups. The control average image is sub-
tracted from the NRM average image (fourth row) to show
regions that have greater average serotonin 1A receptor
binding in NRM subjects. Statistically significant regions
(p " .005) with greater BPF in the NRM group were calcu-
lated with a SPM parametric analysis, false discovery rate
corrected for multiple comparisons, extent threshold set
to p " .05 corresponding to a cluster size k # 5000 voxels
(fifth row). The top color bar represents the BPF value in the
images of rows 2 to 4. The bottom color bar represents the
t score in row 5 image, where a t score of t # 2.75 corre-
sponds to p ! .005. MNI coordinates of displayed cross-
sections are given above SPM images. CTR, control; FDR,
false discovery rate; MNI, Montreal Neurological Institute;
MRI, magnetic resonance image; NRM, not recently medi-
cated; SPM, Statistical Parametric Mapping.

4 BIOL PSYCHIATRY 2010;xx:xxx R.V. Parsey et al.
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carbonyl-11C-WAY-100635: distribution of serotonin 
5-HT1A receptors in human brain

Hirvonen et al. J Cereb Blood Flow Metab 2007;27:185-95.

regions, and this difference was statistically sig-
nificant (paired t-test, P<0.05, data not shown).
Thus, 2TM was selected for VT analysis in cerebellar
regions.

VT values for cerebellar subregions are given
in Table 1. These values showed excellent
test–retest reproducibility. Case 2 had conspicu-
ously higher values in all subregions compared
with others, but less so in the wCER than in
other regions. Values for this individual are
given in Table 2, and time–activity curves for
cerebellar regions are illustrated in Figure 4.

Specific [Carbonyl-11C]WAY-100635 Binding
Estimated Using Reference Tissue Input

BPIND, BPSRTM and BPRATIO values estimated
using both wCER and totCER as reference region
input are given in Tables 3–5. As expected, the
use of totCER relative to wCER resulted in under-
estimation of all BP values. Test–retest reproduci-
bility was comparable using either wCER or
totCER for BPIND and BPRATIO but not for BPSRTM, in
which within-subject variation was higher as
reflected in higher VAR values. There were no
statistically significant differences in any of the BP

Table 1 Regional [carbonyl-11C]WAY-100635 VT values and their test–retest reproducibility from two-tissue compartmental
modeling (2TM) (n=5)

Region Scan1 (mean7s.d.) Scan2 (mean7s.d.) VAR (%, mean7s.d.) ICC

Regions of interest
Anterior cingulate cortex 4.1870.76 3.8770.73 10.278.7 0.80
Dorsal raphe nucleus 3.4971.05 3.3271.05 22.0716.9 0.72
Dorsolateral PFC 3.5770.61 3.3270.66 9.6479.07 0.81
Inferior parietal lobule 3.6670.63 3.4270.72 8.8710.3 0.83
Lateral temporal cortex 3.7570.73 3.5070.71 9.979.9 0.81
Medial PFC 3.6670.61 3.4370.64 9.578.8 0.80
Medial temporal cortex 5.3070.74 4.7271.08 14.8716.9 0.59
Posterior cingulate 3.4570.78 3.2170.83 12.475.8 0.87

Cerebellar regionsa

Cerebellar cortex 0.5670.01 0.5370.04 6.778.3 0.99
Cerebellar white matter 0.4470.03 0.4270.03 7.574.5 0.99
Cerebellar vermis 0.8470.13 0.8070.18 8.477.1 0.99
Total cerebellum 0.5270.01 0.5070.05 7.676.2 0.99

s.d., standard deviation; VAR, test–retest variability; ICC, intraclass correlation coefficient.
aEstimates for mean and s.d. are given excluding Case 2 (n=4).

Figure 2 A visualization of [carbonyl-11C]WAY-100635 uptake in axial slices at the level of the cerebellum. Summated PET images
are laid on co-registered MR images. Note the conspicuous cerebellar uptake in Case 2 (upper row), that is not evident in another
individual from this sample (lower row).

Cerebellar uptake of [carbonyl-11C]WAY-100635
Jussi Hirvonen et al
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Typical pattern 
of distribution: 
little uptake in 
cerebellum
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Inferior parietal lobule 3.6670.63 3.4270.72 8.8710.3 0.83
Lateral temporal cortex 3.7570.73 3.5070.71 9.979.9 0.81
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Cerebellar regionsa

Cerebellar cortex 0.5670.01 0.5370.04 6.778.3 0.99
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Figure 2 A visualization of [carbonyl-11C]WAY-100635 uptake in axial slices at the level of the cerebellum. Summated PET images
are laid on co-registered MR images. Note the conspicuous cerebellar uptake in Case 2 (upper row), that is not evident in another
individual from this sample (lower row).
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In Vivo Imaging of the Cannabinoid CB1 Receptor
With Positron Emission Tomography
J Hirvonen1,2

Positron emission tomography (PET) can visualize and
quantify receptors and other targets in the living human brain,
and recent progress in radioligand development has enabled
measurement of cannabinoid type-1 (CB1) receptors. Cannabi-
noid CB1 receptors have been implicated in multiple human
diseases, such as obesity, mood disorders, and addiction. First
in vivo human studies have shown distinctive spatial and tempo-
ral alterations in cannabinoid CB1 receptor binding in addictive
disorders.

INTRODUCTION
Positron emission tomography (PET) provides high sensitivity
and specificity for measuring different protein targets throughout
the living human body. PET is based on the use of short-lived
radioisotopes (such as carbon-11 or fluorine-18) that are attached
to a molecule of interest. High sensitivity is provided by the abil-
ity of the PET scanner to detect very small amounts of gamma
radiation resulting from positron decay of the radioisotope,
whereas high specificity results from pharmacological selectivity
of the molecule of interest (ligand). In addition to cancer imaging
and other clinical applications, PET has established its role in
neuropsychiatric research and central nervous system drug devel-
opment. In the last two decades, PET studies have shown altera-
tions at the population level in the number and function of
many neurotransmitters (e.g., dopamine, serotonin, and opioid)
in various disorders (e.g., schizophrenia, depression, and sub-
stance abuse). More recently, the cannabinoid system has
emerged as a key modulator of brain neurotransmitter function
and neural networks relevant for pathophysiology of psychiatric
illness,1 especially substance use disorders.2 The cannabinoid
CB1 receptor is the main mediator of exogenous (such as
D9-tetrahydrocannabinol) and endogenous (such as ananda-
mide and 2-arachidonoylglycerol) cannabinoids in the brain.
The CB1 receptor is widely distributed and is the highest-
density G-protein-coupled receptor in the mammalian brain.
At the neurocircuitry level, presynaptic CB1 receptors inhibit

the release of g-amino butyric acid from midbrain interneur-
ons and promote substance use-related dopamine release and
reward.2 CB1 receptors also contribute to memory functions,
cognition, pain processing, and stress responses.1 Thus, meas-
uring CB1 receptors in the human brain with PET becomes a
crucial research priority in searching for better understanding
of cannabinoid function in psychiatric illness.
The unique characteristics of the cannabinoid system pose

challenges for developing new PET radiotracers for CB1 recep-
tors. Endogenous cannabinoids are lipid neurotransmitters
cleaved from the cell membrane,1 and, therefore, ligands targeting
cannabinoid receptors tend to be very lipophilic. PET radioli-
gands should be sufficiently lipophilic to enter the brain, but not
too lipophilic to have high amounts of nonspecific binding (i.e.,
binding to structures other than the CB1 receptor). We recently
tested and evaluated several inverse agonist radioligands for imag-
ing CB1 receptors in monkey and human brains, and chose
[18F]FMPEP-d2 as the optimal radioligand to implement in clini-
cal studies (Figure 1).3 This radioligand has high selectivity and
high affinity (0.19 nM) for the CB1 receptor. In the monkey
brain, pharmacological displacement studies with inverse agonist
drugs demonstrated that 90% of the binding is specific for the
CB1 receptor in vivo.3 Although this radioligand is very lipo-
philic, the specific signal is much higher than the nonspecific sig-
nal because of high affinity and high receptor density. Test-retest
variability of this tracer in the human brain is about 14%.3 These
characteristics allow reliable quantification of CB1 receptors in
humans. Recently, other PET radioligands have also been success-
fully tested in humans, including [11C]MePPEP, [11C]SD5024,
[11C]OMAR, and [18F]MK-9470.
Proceeding with [18F]FMPEP-d2 imaging to clinical studies,

we first sought to determine whether this radioligand can detect
reduction of cannabinoid CB1 receptors in subjects who chroni-
cally abuse cannabis. Animal studies have shown regionally selec-
tive and reversible downregulation of cannabinoid CB1 receptors
after chronic exposure to exogenous cannabinoids, likely as a
homeostatic response. Such downregulation might explain the
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development of tolerance to some effects of cannabis in heavy
smokers. We recruited 30 male subjects who chronically smoke
cannabis (10 joints per day on average) to stay on an inpatient
unit for about four weeks and measured CB1 receptor binding
with PET and [18F]FMPEP-d2 twice, before and after abstinence.
We found that at baseline, chronic cannabis smokers had about
20% lower CB1 receptor binding in the neocortical and limbic
brain regions (such as prefrontal cortex and hippocampus) com-
pared with 28 healthy male control subjects who did not smoke
cannabis (Figure 2).4 Consistent with prior animal studies, this
downregulation of CB1 receptors was regionally selective: recep-
tor binding was unaltered in the subcortical brain regions (basal
ganglia, thalamus, midbrain, pons) and cerebellum.4 As a demon-
stration of dose and duration dependency, we found that cortical
CB1 receptor downregulation correlated with years of cannabis
exposure: those who had smoked the most had the greatest
downregulation. Finally, after about four weeks of monitored
abstinence, cannabinoid CB1 receptor binding returned to nor-
mal levels in cannabis smokers, but only in the brain regions that
had shown downregulation at baseline. This initial clinical study

documented the feasibility of [18F]FMPEP-d2 PET imaging in a
clinical setting and confirmed CB1 receptor downregulation in
humans as a neuroadaptation that may promote cannabis
dependence. Regional specificity of downregulation might parallel
clinical observations of development of tolerance to some, but
not all effects of cannabis.
Alcohol dependence is another substance use disorder modu-

lated by the cannabinoid system. Animal studies have shown that
blocking the cannabinoid CB1 receptor reduced alcohol-seeking
behaviors.2 In contrast to cannabis, alcohol does not directly
stimulate CB1 receptors; the stimulatory effect is likely driven by
recruitment of endogenous cannabinoids, which might then
downregulate CB1 receptors. To study if chronic alcohol
exposure-induced CB1 receptor downregulation can also be meas-
ured in humans, we recruited 18 male patients with alcohol
dependence and measured CB1 receptors using [18F]FMPEP-d2
PET before and after about three weeks of monitored abstinence.
We found that patients with alcohol dependence presented a pat-
tern of cannabinoid CB1 receptor downregulation different from
that in cannabis smokers both in terms of spatial distribution
and temporal resolution (Figure 2). At baseline, patients with
alcohol dependence had about 30% lower CB1 receptor binding
throughout the brain compared with 19 age-matched male
healthy control subjects.5 Unlike in cannabis smokers, downregu-
lation was not limited to cortical regions, but was also found in
the subcortical regions (Figure 2). Larger magnitude of CB1
receptor downregulation was predicted by higher number of years
of alcohol abuse. After about three weeks of abstinence, however,
CB1 receptors did not return to normal levels but remained simi-
larly decreased,5 suggesting different time resolution of CB1
receptor downregulation in cannabis and alcohol abuse. In the
alcohol study, we also explored the association of CB1 receptor
binding and a common single nucleotide polymorphism in the
CB1 receptor gene (rs2023239), because variation of this poly-
morphism has been linked with alcohol-related behaviors and
CB1 receptor density. We found that across all subjects, carriers
of the risk allele (C) had higher CB1 receptor binding compared
with noncarriers.5 In early phases of developing alcohol depend-
ence, when positive reward mediated by CB1 stimulation is
important, the C allele may render individuals susceptible to
developing alcohol dependence. In contrast, in chronic alcohol
dependence, excess endocannabinoids may downregulate CB1
receptors, which may contribute to adverse effects, including neg-
ative emotionality and poor stress adaptation. Thus, CB1 recep-
tors may play different roles in different phases of alcohol
dependence. The association between rs2023239 variation and
CB1 receptor binding in vivo needs to be replicated in larger
samples.
These studies have shown that imaging of cannabinoid CB1

receptors in the living human brain is feasible with the inverse
agonist radioligand [18F]FMPEP-d2, which has high affinity and
selectivity. Initial clinical studies in addictive disorders suggest
variable spatial and temporal distribution of CB1 receptor abnor-
malities: regionally selective and reversible downregulation in
cannabis abuse, and widespread and irreversible downregulation
in alcohol dependence (Figure 2).4,5 Future work is needed to

Figure 1 Horizontal, sagittal, and coronal projections of distribution vol-
ume (VT) of [18F]FMPEP-d2 in the human brain. VT is a measure of receptor
binding and correlates with receptor density. These parametric VT maps
represent average data from 28 healthy subjects on a color scale (red is
high, blue is low).

Figure 2 Distribution volume (VT) of [18F]FMPEP-d2 is lower in cortical
regions in both cannabis smokers (-15%; [-27%, -3%]) and patients with
alcohol dependence (-33%; [-47%, -19%]), but lower in subcortical regions
only in patients with alcohol dependence (-34%; [-49%, -20%]), and not in
cannabis smokers (-3%; [-16%, 9%]), suggesting different spatial involve-
ment of CB1 receptors in these two addictive disorders. Numbers are the
average percent difference between group means and 95% confidence
interval of difference; and error bars in graphs are standard error of mean.
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ABSTRACT
BACKGROUND: Previous studies showed reduction of brain cannabinoid CB1 receptors in adults with cannabis and
alcohol use disorders. Preclinical data suggest that these receptors also contribute to nicotine reward and depen-
dence. Tobacco smoking may confound clinical studies of psychiatric disorders because many patients with such
disorders smoke tobacco. Whether human subjects who smoke tobacco but are otherwise healthy have altered CB1

receptor binding in brain is unknown.
METHODS: We measured CB1 receptors in brains of 18 healthy men who smoke tobacco (frequent chronic cigarette
smokers), and 28 healthy men who do not smoke tobacco, using positron emission tomography and [18F]FMPEP-d2,
a radioligand for CB1 receptors. We collected arterial blood samples during scanning to calculate the distribution
volume (VT), which is nearly proportional to CB1 receptor density. Repeated-measures analysis of variance compared
VT between groups in various brain regions.
RESULTS: Brain CB1 receptor VT was about 20% lower in subjects who smoke tobacco than in subjects who do not.
Decreased VT was found in all brain regions, but reduction did not correlate with years of smoking, number of cig-
arettes smoked per day, or measures of nicotine dependence.
CONCLUSIONS: Tobacco-smoking healthy men have a widespread reduction of CB1 receptor density in brain.
Reduction of CB1 receptors appears to be a common feature of substance use disorders. Future clinical studies on
the CB1 receptor should control for tobacco smoking.
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The brain cannabinoid system is involved in the addictive
properties of a variety of substances of abuse (1). CB1

cannabinoid receptors are located presynaptically in multiple
brain regions, including the ventral tegmental area in the
midbrain, where release of gamma-aminobutyric acid (2) and
glutamate are inhibited and dopamine release is modulated
in response to many substances of abuse (3,4). We previ-
ously used positron emission tomography (PET) and an in-
verse agonist radioligand for CB1 receptors, [18F]FMPEP-d2

(5,6), to examine CB1 receptor binding in human brain in two
substance use disorders: cannabis and alcohol. In chronic
daily cannabis smokers, we found regionally selective and
reversible downregulation of CB1 receptors; receptor binding
was decreased in cortical regions but not in subcortical re-
gions, and it returned to normal levels after about 4 weeks of
monitored cannabis abstinence (7). In alcohol dependence,
we found widespread and irreversible downregulation; re-
ceptor binding was decreased in both cortical and

subcortical brain regions, and it remained similarly
decreased after 2 to 4 weeks of monitored abstinence (8).

Tobacco is the most prevalent substance of abuse, with
high addictive potential. Whether tobacco smoking affects
CB1 receptor binding in human brain is unknown but is of
importance for two reasons. First, preclinical and clinical
observations suggest that CB1 receptors are involved in
nicotine addiction. In animal studies, blockade of CB1

receptors reduced nicotine-seeking behaviors and nicotine-
induced midbrain dopamine release (9). In humans, rimona-
bant, a CB1 receptor inverse agonist, was effective in
smoking cessation (10,11). Second, many patients with
psychiatric disorders smoke tobacco, which can be a sig-
nificant confound in clinical studies examining CB1 receptor
binding in such disorders. In the current study, we evaluated
CB1 receptor binding in healthy men who smoke tobacco
cigarettes, in comparison with men who do not smoke, using
PET and [18F]FMPEP-d2.

ª 2018 Society of Biological Psychiatry. Published by Elsevier Inc. All rights reserved. 1
ISSN: 0006-3223 Biological Psychiatry - -, 2018; -:-–- www.sobp.org/journal

Biological
Psychiatry

Archival Report

Decreased Cannabinoid CB1 Receptors in Male
Tobacco Smokers Examined With Positron
Emission Tomography
Jussi Hirvonen, Paolo Zanotti-Fregonara, David A. Gorelick, Chul Hyoung Lyoo,
Denise Rallis-Frutos, Cheryl Morse, Sami S. Zoghbi, Victor W. Pike, Nora D. Volkow,
Marilyn A. Huestis, and Robert B. Innis

ABSTRACT
BACKGROUND: Previous studies showed reduction of brain cannabinoid CB1 receptors in adults with cannabis and
alcohol use disorders. Preclinical data suggest that these receptors also contribute to nicotine reward and depen-
dence. Tobacco smoking may confound clinical studies of psychiatric disorders because many patients with such
disorders smoke tobacco. Whether human subjects who smoke tobacco but are otherwise healthy have altered CB1

receptor binding in brain is unknown.
METHODS: We measured CB1 receptors in brains of 18 healthy men who smoke tobacco (frequent chronic cigarette
smokers), and 28 healthy men who do not smoke tobacco, using positron emission tomography and [18F]FMPEP-d2,
a radioligand for CB1 receptors. We collected arterial blood samples during scanning to calculate the distribution
volume (VT), which is nearly proportional to CB1 receptor density. Repeated-measures analysis of variance compared
VT between groups in various brain regions.
RESULTS: Brain CB1 receptor VT was about 20% lower in subjects who smoke tobacco than in subjects who do not.
Decreased VT was found in all brain regions, but reduction did not correlate with years of smoking, number of cig-
arettes smoked per day, or measures of nicotine dependence.
CONCLUSIONS: Tobacco-smoking healthy men have a widespread reduction of CB1 receptor density in brain.
Reduction of CB1 receptors appears to be a common feature of substance use disorders. Future clinical studies on
the CB1 receptor should control for tobacco smoking.

Keywords: Addiction, Brain imaging, Cannabinoid CB1 receptor, Positron emission tomography, Smoking, Tobacco

https://doi.org/10.1016/j.biopsych.2018.07.009

The brain cannabinoid system is involved in the addictive
properties of a variety of substances of abuse (1). CB1

cannabinoid receptors are located presynaptically in multiple
brain regions, including the ventral tegmental area in the
midbrain, where release of gamma-aminobutyric acid (2) and
glutamate are inhibited and dopamine release is modulated
in response to many substances of abuse (3,4). We previ-
ously used positron emission tomography (PET) and an in-
verse agonist radioligand for CB1 receptors, [18F]FMPEP-d2

(5,6), to examine CB1 receptor binding in human brain in two
substance use disorders: cannabis and alcohol. In chronic
daily cannabis smokers, we found regionally selective and
reversible downregulation of CB1 receptors; receptor binding
was decreased in cortical regions but not in subcortical re-
gions, and it returned to normal levels after about 4 weeks of
monitored cannabis abstinence (7). In alcohol dependence,
we found widespread and irreversible downregulation; re-
ceptor binding was decreased in both cortical and

subcortical brain regions, and it remained similarly
decreased after 2 to 4 weeks of monitored abstinence (8).

Tobacco is the most prevalent substance of abuse, with
high addictive potential. Whether tobacco smoking affects
CB1 receptor binding in human brain is unknown but is of
importance for two reasons. First, preclinical and clinical
observations suggest that CB1 receptors are involved in
nicotine addiction. In animal studies, blockade of CB1

receptors reduced nicotine-seeking behaviors and nicotine-
induced midbrain dopamine release (9). In humans, rimona-
bant, a CB1 receptor inverse agonist, was effective in
smoking cessation (10,11). Second, many patients with
psychiatric disorders smoke tobacco, which can be a sig-
nificant confound in clinical studies examining CB1 receptor
binding in such disorders. In the current study, we evaluated
CB1 receptor binding in healthy men who smoke tobacco
cigarettes, in comparison with men who do not smoke, using
PET and [18F]FMPEP-d2.

ª 2018 Society of Biological Psychiatry. Published by Elsevier Inc. All rights reserved. 1
ISSN: 0006-3223 Biological Psychiatry - -, 2018; -:-–- www.sobp.org/journal

Biological
Psychiatry

ORIGINAL ARTICLE

Reduced cannabinoid CB1 receptor binding in alcohol
dependence measured with positron emission tomography
J Hirvonen1, P Zanotti-Fregonara1,3, JC Umhau2,3, DT George2, D Rallis-Frutos1, CH Lyoo1, C-T Li1, CS Hines1, H Sun2,
GE Terry1, C Morse1, SS Zoghbi1, VW Pike1, RB Innis1,3 and M Heilig2,3

Brain cannabinoid CB1 receptors contribute to alcohol-related behaviors in experimental animals, but their potential role in
humans with alcohol dependence is poorly understood. We measured CB1 receptors in alcohol dependent patients in early and
protracted abstinence, and in comparison with control subjects without alcohol use disorders, using positron emission
tomography and [18F]FMPEP-d2, a radioligand for CB1 receptors. We scanned 18 male in-patients with alcohol dependence
twice, within 3--7 days of admission from ongoing drinking, and after 2--4 weeks of supervised abstinence. Imaging data were
compared with those from 19 age-matched healthy male control subjects. Data were also analyzed for potential influence of a
common functional variation (rs2023239) in the CB1 receptor gene (CNR1) that may moderate CB1 receptor density. On the first
scan, CB1 receptor binding was 20--30% lower in patients with alcohol dependence than in control subjects in all brain regions
and was negatively correlated with years of alcohol abuse. After 2--4 weeks of abstinence, CB1 receptor binding remained
similarly reduced in these patients. Irrespective of the diagnostic status, C allele carriers at rs2023239 had higher CB1 receptor
binding compared with non-carriers. Alcohol dependence is associated with a widespread reduction of cannabinoid CB1
receptor binding in the human brain and this reduction persists at least 2--4 weeks into abstinence. The correlation of reduced
binding with years of alcohol abuse suggests an involvement of CB1 receptors in alcohol dependence in humans.

Molecular Psychiatry advance online publication, 10 July 2012; doi:10.1038/mp.2012.100

Keywords: alcohol dependence; cannabinoid CB1 receptor; endocannabinoid; imaging; positron emission tomography

INTRODUCTION
Animal studies suggest that the brain cannabinoid system
contributes to alcohol-related behaviors.1--3 This system consists
of endogenous cannabinoids, such as anandamide and 2-
arachidonoylglycerol, enzymes responsible for their synthesis
and catabolism and cannabinoid receptors of the CB1 and CB2
subtypes. The CB1 receptor is widely distributed in the human
brain, with highest densities in the basal ganglia, hippocampus,
cingulate cortex and molecular layer of cerebellum.4,5 Most CB1
receptors are pre-synaptic, and inhibit release of other neuro-
transmitters, such as g-amino butyric acid and glutamate.6,7

Animal studies suggest that reinforcing properties of alcohol are
in part mediated through the endocannabinoid system. Stimula-
tion of CB1 receptors increases alcohol intake across a variety of
rodent models,8 whereas the opposite is observed with genetic9--11

or pharmacological8,12--14 CB1 receptor blockade. Chronic alcohol
exposure increases the concentration of endogenous cannabinoids
in most brain regions3 and decreases the density of CB1
receptors,3,15--17 a change that is reversible upon abstinence.16,17

Accordingly, a postmortem study recently found decreased CB1
receptor density in the ventral striatum of patients with alcohol
dependence.18 Whether cannabinoid CB1 receptors are decreased
in vivo in human subjects with alcohol dependence is unknown.
Functional genetic variation that moderates endocannabinoid

signaling in response to alcohol might moderate susceptibility for
excessive alcohol consumption. Accordingly, a common single-
nucleotide polymorphism (SNP), rs2023239, in the gene encoding

CB1 receptors (CNR1) tags a haplotype associated with substance
use disorders including alcohol dependence.19 A recent study of
patients with alcohol dependence linked the rs2023239 C allele
with greater subjective reward from alcohol, greater midbrain and
prefrontal cortex activation in response to alcohol cues, and
higher density of CB1 receptors in postmortem samples of
prefrontal cortex.20 Whether this SNP also moderates CB1 receptor
density in vivo is unknown.
Here, we evaluated CB1 receptor binding in patients with alcohol

dependence and controls without alcohol use disorders. We used
positron emission tomography (PET) and a recently developed
inverse agonist radioligand for CB1 receptors, [18F]FMPEP-d2,

21,22

with high affinity and selectivity in the human brain.21 Patients were
scanned twice: within 3--7 days of admission from ongoing alcohol
use, and after 2--4 weeks of abstinence on a monitored unit. Based
on animal experiments,8 we hypothesized that CB1 receptor
binding would be decreased in patients with alcohol dependence
immediately after ongoing alcohol use. Based on human post-
mortem data,20 we predicted that the C allele of rs2023239 would
be associated with higher CB1 receptor binding. Finally, we asked
whether a hypothesized decrease in CB1 receptor binding in
patients with alcohol dependence recovers after abstinence.

SUBJECTS AND METHODS
The NIH CNS Institutional Review Board approved the protocol and the
consent forms. Written informed consent was obtained from all subjects.
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Reduced cannabinoid CB1 receptor binding in alcohol
dependence measured with positron emission tomography
J Hirvonen1, P Zanotti-Fregonara1,3, JC Umhau2,3, DT George2, D Rallis-Frutos1, CH Lyoo1, C-T Li1, CS Hines1, H Sun2,
GE Terry1, C Morse1, SS Zoghbi1, VW Pike1, RB Innis1,3 and M Heilig2,3

Brain cannabinoid CB1 receptors contribute to alcohol-related behaviors in experimental animals, but their potential role in
humans with alcohol dependence is poorly understood. We measured CB1 receptors in alcohol dependent patients in early and
protracted abstinence, and in comparison with control subjects without alcohol use disorders, using positron emission
tomography and [18F]FMPEP-d2, a radioligand for CB1 receptors. We scanned 18 male in-patients with alcohol dependence
twice, within 3--7 days of admission from ongoing drinking, and after 2--4 weeks of supervised abstinence. Imaging data were
compared with those from 19 age-matched healthy male control subjects. Data were also analyzed for potential influence of a
common functional variation (rs2023239) in the CB1 receptor gene (CNR1) that may moderate CB1 receptor density. On the first
scan, CB1 receptor binding was 20--30% lower in patients with alcohol dependence than in control subjects in all brain regions
and was negatively correlated with years of alcohol abuse. After 2--4 weeks of abstinence, CB1 receptor binding remained
similarly reduced in these patients. Irrespective of the diagnostic status, C allele carriers at rs2023239 had higher CB1 receptor
binding compared with non-carriers. Alcohol dependence is associated with a widespread reduction of cannabinoid CB1
receptor binding in the human brain and this reduction persists at least 2--4 weeks into abstinence. The correlation of reduced
binding with years of alcohol abuse suggests an involvement of CB1 receptors in alcohol dependence in humans.
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with high affinity and selectivity in the human brain.21 Patients were
scanned twice: within 3--7 days of admission from ongoing alcohol
use, and after 2--4 weeks of abstinence on a monitored unit. Based
on animal experiments,8 we hypothesized that CB1 receptor
binding would be decreased in patients with alcohol dependence
immediately after ongoing alcohol use. Based on human post-
mortem data,20 we predicted that the C allele of rs2023239 would
be associated with higher CB1 receptor binding. Finally, we asked
whether a hypothesized decrease in CB1 receptor binding in
patients with alcohol dependence recovers after abstinence.
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Prefrontal CB1 receptors increased in 
schizophrenia in vitro

Power analysis shows 52 subjects 
per group needed to demonstrate 
difference with [18F]FMPEP-d2 PET in 
vivo (α = 0.05, β = 0.20)

Jenko et al. Schizophr Res 2012;141:185–8 



Karlsson et al. J Neurosci 2015;35:3959–65

Neurochemistry in obesity: decreased µ opioid 
receptors, unchanged dopamine D2R

µ opioid receptor

Dopamine D2R

Obese Lean



Striatal Dopamine D2 Receptor Imaging Studies in Schizophrenia: 
Meta-Analysis

Hirvonen & Hietala CNS Neurosci Ther 2011;17(2):89-96.

Average effect size 0.53 
(95% CI 0.37–0.69), p=0.004



Study of pathophysiology: Imaging genetics: 
Dopamine receptors in twins with schizophrenia

!Tsuang Biol Psychiatry 2000;47:210-220.

50-fold increase in 
risk for schizophrenia



Study of pathophysiology: Imaging genetics: 
Dopamine receptors in twins with schizophrenia

Hirvonen et al. Arch Gen Psychiatry 2005;62(4):371-37, Hirvonen et al. Am J Psychiatry 2006;163:1747-1753.  



Variation at the CNR1 gene in vitro
• Polymorphisms in CNR1 associated with substance abuse
• C allele of the rs2023239 polymorphism:

– Increased CB1 agonist binding in prefrontal cortex
– Increased alcohol-induced activation of brain reward system
– Increased subjective reward from alcohol

Hutchison ym. Arch Gen Psychiatry 2008;65:841-850. Hirvonen et al. Molecular Psychiatry 2013;18:916–921

Post mortem In vivo



Challenge studies: Classical occupancy model 

Laruelle & Huang Q J Nucl Med 2001;45:124-38. 
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brain and correlations of these dynamic measure-
ments with behaviors and symptoms. This idea has
been applied to the measurements of changes in dop-
amine (DA) synaptic concentration.

The use of this technique to measure DA transmis-
sion has been extensively validated, and successfully
applied to characterize alterations of DA transmission
at D2 receptors in clinical conditions. With the excep-
tion of the cholinergic system, application of this prin-
ciple to other neurotransmission systems is slow to
emerge. The difficulties in extending this idea to other
receptor systems call for a critical examination of the
data obtained so far. 

This line of research has emerged under a theoret-
ical framework that we will refer to as the occupancy
model (Fig. 1). This model predicts that challenges
that increase DA synaptic concentration will result in
increased occupancy of D2 receptors by DA, and
reduced availability of D2 receptors for binding to
the radiotracer. On the other hand, manipulations
that decrease DA synaptic concentration will reduce
D2 receptor occupancy by DA and increase D2
receptor availability to radiotracer binding. This paper

will first review studies in rodents, nonhuman pri-
mates and humans that evaluated in  vivo competi-
tion between DA and radiolabelled D2 and D1 receptor
ligands. Following presentation of these data, this
paper will address a number of issues pertinent to
the validity of the theoretical framework (i.e. the occu-
pancy model). We will conclude by examining the
limitations of this model and speculating about other
mechanisms that might be involved in altering radio-
ligand binding following acute fluctuations of syn-
aptic neurotransmitter levels. 

Review of literatur e

Studies in  roden ts
Table I 2-28 lists in  vivo studies in rodents (rats and

mice) that measured changes in the accumulation of
a variety of DA receptor radioligands following phar-
macological challenges or other manipulations
expected to decrease or increase synaptic DA con-
centration. Studies are sorted by receptor systems,
radioligands, and type of challenge (expected effect
of the challenge on DA synaptic concentration, i.e.
inhibition or augmentation of synaptic DA). For each
study, Table I lists the observed effect of the chal-
lenge on radioligand binding (increase, decrease, or
no change), the consistency of the results with the
simple occupancy model (yes, no, or paradoxical)
and the reference. 

The model we refer to as the occupancy model
(increase in DA synaptic levels results in decrease in
tracer accumulation, and viceversa) is fully supported
by data obtained with [3H]NPA, [11C]APO, [3H]raclo-
pride or [123I]IBZM. In contrast, data obtained with
[3H]spiperone and [3H]pimozide do not support this
model. In fact, the majority of results obtained in
rodents with these two radioligands indicate regula-
tions in direction opposite to the predictions of the
occupancy model: inhibition of DA release resulted
in paradoxical decrease in radioligand specific binding,
while stimulation of DA release resulted in paradox-
ical increase in radioligand specific binding. 

Interestingly, D1 receptor radiotracers, either ago-
nists or antagonists, behave more like spiperone than
raclopride: D1 receptor radiotracers appear to show
either no change or paradoxical response to acute
DA manipulations.

It is also important to note that paradoxical radio-

D2 receptor [C-11] raclopride Dopamine

Depleted Baseline Stimulated

Classical Ocupancy Model

Fig. 1.—Schematic representation of the classical occupancy model
adopted to explain the increase and decrease of [11C]raclopride
binding following depletion or stimulation, respectively, of dopa-
mine concentration in the vicinity of D2 receptors. This model pos-
tulates that changes in [11C]raclopride binding potential are directly
related to the changes in occupancy of D2 receptors by dopamine.
Note that the figure is misleading inasmuch as [11C]raclopride, at
tracer dose, occupies only a fraction of the available receptors. The
effective binding of [11C]raclopride is related to the binding poten-
tial, which, in turn, is affected by the presence of dopamine in a
complex manner since dopamine affects both the number and affinity
of available sites.

Occupancy (% ) =

Concentration of endogenous 
neurotransmitter



Study of drug action: Occupancy of EVT 301, a novel 
MAO-B inhibitor, in human brain

Hirvonen et al. Clin Pharmacol Ther 2009;85(5):506-512. 

11C-L-deprenyl-d2 PET



Challenge studies: Increased amphetamine-induced 
dopamine release in schizophrenia

Laruelle et al. Biol Psychiatry 1999;46:56–72.

before and after the amphetamine injection: euphoria (“feel
good”), alertness (“feel energetic”), restlessness (“feel like mov-
ing”), and anxiety (“feel anxious”).

Data Analysis
SPECT images were analyzed as previously described (Laruelle
et al 1996). The baseline [123I]IBZM binding potential (mL g!1),
corresponding to the product of the free receptor density (Bmax,
nmol/L or pmol per g of brain tissue) and affinity (1/KD,
nmol/L!1, or mL of plasma per pmol), was calculated as the ratio
of striatal specific binding ("Ci per g of brain tissue) to the
steady-state free unmetabolized plasma tracer concentration
(f1CSS, "Ci per mL of plasma) measured during scanning session
1. For each scanning session, the specific to nonspecific equilib-
rium partition coefficient (V3”) was calculated as the ratio of
striatal minus nonspecific to nonspecific activity. Under steady-
state conditions, the decrease in specific to nonspecific partition
coefficient is equivalent to the decrease in binding potential
(Laruelle et al 1995). Amphetamine-induced decrease in
[123I]IBZM binding potential was expressed in percentage of
pre-amphetamine value.
Unless otherwise specified, between-group comparisons were

performed with ANOVA, followed by post-hoc Fisher’s PLSD.
Relationships between continuous variables were analyzed with
the Pearson product moment correlation coefficient. A probabil-
ity value of .05 was selected as significance level.

Results
Group Comparison
In control subjects, amphetamine-induced reduction in
[123I]IBZM binding potential was 7.5 # 7.1% (n $ 36).
The amphetamine effect was similar across the three
cohorts of healthy controls, supporting the consistency of
the protocol and procedures (7.6# 8.0%, 7.1# 6.3%, and
8.3 # 7.7% for control cohorts 1, 2, and 3, respectively;
p $ .94). Compared to control subjects, patients with
schizophrenia displayed a marked elevation of amphet-
amine-induced [123I]IBZM displacement (17.1 # 13.2%,
p $ .0003, Table 2, Figure 1). The effect size of the
difference, calculated as the difference of the means
divided by the average SD, was .95. The variance was
larger in the schizophrenic group compared to the control
group (variance ratio: 3.49, p $ .004). Because of the
difference in variance, we also compared the groups with
a nonparametric test, and obtained the same results (Mann–
Whitney, p $ .0028).
This increased effect of amphetamine in patients with

schizophrenia was not related to differences in amphet-
amine plasma disposition, since amphetamine plasma
levels were similar in both groups (controls: 27.7 # 11.0
ng/mL; patients with schizophrenia: 28.7 # 9.9 ng/mL;
p $ .73). Moreover, no relationship was found between
amphetamine plasma levels and [123I]IBZM displacement,

either in the controls (r $ .04, p $ .84), or in the
patient group (r $ .05, p $ .80).

Correlation With Changes in Positive Symptoms
In patients with schizophrenia, the amphetamine challenge
induced an increase in positive symptoms (the positive
symptoms subscale of the PANSS increased from 17.5 #
6.2 to 20.5 # 7.6, repeated measures ANOVA, p $
.019). A large between subject variability was observed
in the amphetamine-induced changes in positive symp-
toms (range from !8 to %13). Using the criteria of a
change of 4 points in the PANSS positive subscale as the

Figure 1. Effect of amphetamine (0.3 mg/kg) on [123I]IBZM
binding in healthy control subjects and untreated patients with
schizophrenia. The y-axis shows the percentage decrease in
[123I]IBZM binding potential induced by amphetamine, which is
a measure of the increased occupancy of D2 receptors by
dopamine following the challenge.

Table 2. Results: Comparison of Control Subjects and Patients
with Schizophrenia

Outcome Measure Control Subjects
Patients with
Schizophrenia p

[123I]IBZM BP (mL/g)
(dopamine D2
receptors)

217 # 63 224 # 92 .76

Amphetamine-induced
relative decrease in
[123I]IBZM BP
(% baseline)

7.5% # 7.1% 17.1%# 13.2% &.001

Amphetamine plasma
concentration (ng/mL)

28 # 11 29 # 10 .74

Increased Dopamine Transmission in Schizophrenia 59BIOL PSYCHIATRY
1999;46:56–72



Challenge studies: Opioid release after repeated 
transcranial magnetic stimulation (rTMS)

Lamusuo et al. Eur J Pain 2018. 

11C-carfentanil PET



Psychotherapy increases cortical serotonin 5-HT1A 
receptor density in patients with major depression

Karlsson et al. Psychol Med 2010;40(3):523-528
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performed both exercise modes (MICT and HIIT, n= 12)
with IBM SPSS Statistics 21 for Mac OS X (IBM Corp.,
Chicago, IL, USA). To ensure that MICT-induced affective
responses were similar between the group that performed
only MICT (n= 10) and the group that performed both
MICT and HIIT (n= 12), another set of general linear model
analyses were performed using condition (pre/post) as a
within-subject factor and group (only MICT; or both MICT
and HIIT) as a between-subject factor. The associations of
exercise-induced changes in mood responses and changes in
MOR binding were assessed using an exploratory whole-
brain analysis with statistical threshold set at po0.05, false
discovery rate corrected at cluster level.

RESULTS

Effects of Exercise on MOR Binding

After HIIT, [11C]carfentanil BPND values were significantly
lower in widespread regions of the brain than after rest or
MICT conditions according to full-brain voxel-based analy-
sis (Figure 1). This was the case for cortical regions
(prefrontal cortex, anterior cingulate cortex, and insula)
and subcortical brain regions (hippocampus, thalamus,
amygdala, ventral striatum, periaqueductal gray matter in
the brainstem, and cerebellum). The average change of [11C]
carfentanil BPND was − 19± 14% (range − 50% to 0%)
(Figure 2). HIIT did not induce increases of [11C]carfentanil
binding. In contrast, [11C]carfentanil BPND values were not
significantly affected after MICT compared with rest, neither
for the whole group (n= 21) using paired t test nor in the
repeated measures one way ANOVA for the subset of
participants who underwent all three scans (n= 11). The
results were the same even after controlling for scan order
(whole brain analysis po0.05).
Regional time-activity curves suggested that physical

exercise changed brain uptake in a global fashion both in
target and reference regions. This would be consistent with a
change in the arterial input function, perhaps due to changes
in the peripheral distribution after exercise (Figure 3a and b).
Nevertheless, regional radioactivity concentration ratios of
target and reference regions suggested lower specific binding
of [11C]carfentanil after HIIT, despite any such changes in
radioligand delivery (Figure 3c). To further investigate the
occurrence of changes in radioligand delivery to the target,
we analyzed data from defined anatomical regions of
interest, which we defined manually: thalamus, ventral
striatum, dorsal anterior cingulate cortex, dorsolateral
prefrontal cortex, and insula. For this, we used SRTM as
implemented in PMOD. We found that BPND was sig-
nificantly decreased after HIIT (n= 11) in the dorsal anterior
cingulate cortex (−10%, p= 0.003) and ventral striatum
(−8%, p= 0.044), but unchanged after MICT (n= 21; all
p40.1). This is in agreement with the full-brain voxel-based
analysis results. In addition, we found that the estimate of
radioligand delivery in the target region relative to the
reference region (R1) was also slightly reduced after HIIT in
the dorsal anterior cingulate cortex (−6%, p= 0.040) and
insula (−8%, p= 0.028), whereas the efflux constant from
target tissue to plasma (k2) was reduced in the ventral
striatum (−10%, p= 0.040) (Supplementary Table S2).

Effects of Exercise on Emotional State

In the subset of participants who performed both exercise
modes (n= 12), HIIT increased perceived exertion and
arousal more and decreased affective valence more than
MICT during exercise, F1,11= 31.71, po0.001; F1,11= 6.44,
p= 0.028; and F1,11= 13.44, p= 0.004, respectively. Partici-
pants experienced more positive affect after MICT than after
HIIT, F1,11= 10.01, p= 0.009, and more negative affect after
HIIT than after MICT, F1,11= 29.37, po0.001. Exhaustion
ratings were higher after HIIT than after MICT, F1,11= 6.92,
p= 0.023. Tension ratings were higher under HIIT than
MICT conditions, but the pre- and post-exercise ratings did
not differ significantly from each other, F1,11= 13.49,
p= 0.004. Satisfaction ratings increased after MICT and
decreased after HIIT, F1,11= 7.60, p= 0.019. Pain ratings

Figure 1 Brain regions showing significantly decreased MOR availability
after HIIT in comparison with rest. The data are thresholded at po0.05,
false discovery rate corrected. Peak voxels are located in the left
hippocampus, coordinates − 26, − 10, − 12 mm (x, y, and z, respectively,
in MNI space), cluster size 11098 voxels, T= 6.3, Z= 4.99; and in the left
cerebellum crus II, coordinates − 14, − 84, − 28 mm, cluster size 1922
voxels, T= 3.83, Z= 3.43. ACC, anterior cingulate cortex; DLPFC,
dorsolateral prefrontal cortex; L, left; MCC, middle cingulate cortex;
N, nucleus; OFC, orbitofrontal cortex; PAG, periaqueductal gray matter;
PCC, posterior cingulate cortex; PFC, prefrontal cortex; R, right; vSTR,
ventral striatum.
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Opioid Release after High-Intensity Interval Training in Healthy
Human Subjects

Tiina Saanijoki1, Lauri Tuominen1,2,3, Jetro J Tuulari1, Lauri Nummenmaa1,4, Eveliina Arponen1,
Kari Kalliokoski1 and Jussi Hirvonen*,1,5
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Medical School, Boston, MA, USA; 4Department of Psychology, University of Turku, Turku, Finland; 5Department of Radiology, Turku University
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Central opioidergic mechanisms may modulate the positive effects of physical exercise such as mood elevation and stress reduction. How
exercise intensity and concomitant effective changes affect central opioidergic responses is unknown. We studied the effects of acute
physical exercise on the cerebral μ-opioid receptors (MOR) of 22 healthy recreationally active males using positron emission tomography
(PET) and the MOR-selective radioligand [11C]carfentanil. MOR binding was measured in three conditions on separate days: after a 60-min
aerobic moderate-intensity exercise session, after a high-intensity interval training (HIIT) session, and after rest. Mood was measured
repeatedly throughout the experiment. HIIT significantly decreased MOR binding selectively in the frontolimbic regions involved in pain,
reward, and emotional processing (thalamus, insula, orbitofrontal cortex, hippocampus, and anterior cingulate cortex). Decreased binding
correlated with increased negative emotionality. Moderate-intensity exercise did not change MOR binding, although increased euphoria
correlated with decreased receptor binding. These observations, consistent with endogenous opioid release, highlight the role of the
μ-opioid system in mediating affective responses to high-intensity training as opposed to recreational moderate physical exercise.
Neuropsychopharmacology advance online publication, 16 August 2017; doi:10.1038/npp.2017.148
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INTRODUCTION

Physical exercise improves mental health by elevating mood
(Kanning and Schlicht, 2010; Yeung, 1996) and by reducing
stress and symptoms of depression and anxiety (Scully et al,
1998). Exercise also improves cognitive performance and
brain plasticity (Aberg et al, 2009; Colcombe et al, 2004), and
has well-known cardiovascular and metabolic benefits.
Previous research has confirmed that enjoyment is an
important incentive for engaging in leisure-time physical
activity (Aaltonen et al, 2012). Many people report pleasur-
able sensations and improved mood after physical exercise
(Mazzeschi et al, 2014) and some even describe euphoric
feelings (‘runner’s high’) in response to prolonged physical
exercise (Dietrich and McDaniel, 2004; Morgan, 1985).
Exercise intensity is one of the key modulators of exercise-

induced pain and pleasure (Oliveira et al, 2015). Exercise of
low and moderate intensity is associated with positive mood
changes, whereas higher intensities tend to impair affect both
during and immediately after exercise (Ekkekakis et al,
2011). The affective characteristics of interval exercise are
less well understood, but have recently gained attention due

to the growing popularity of high-intensity interval training
(HIIT). HIIT is superior to moderate-intensity continuous
training (MICT) in improving several markers of cardiovas-
cular fitness with reduced training time commitment
(Milanović et al, 2015; Ramos et al, 2015; Weston et al,
2014). HIIT consists of brief (5–150 s) but intense bursts of
activity interspersed with short periods of rest or active
recovery, and typically elicits more negative mood responses
and higher perceived exertion and pain than the more
traditional MICT (Decker and Ekkekakis, 2017; Jung et al,
2014; Saanijoki et al, 2015). This may not, however, be the
case for physically fit individuals who may experience
improved mood and enjoyment also after HIIT (Bartlett
et al, 2011).
The neurobiological mechanisms underlying exercise-

induced affective responses are not known. The most
commonly adopted theory on physical exercise induced
euphoria is the ‘endorphin hypothesis’, which ascribes the
positive mood changes following exercise to an increased
release of β-endorphins (Morgan, 1985; Yeung, 1996). The
level of plasma β-endorphin is usually elevated during
intense exercise (Goldfarb and Jamurtas, 1997), but a
plausible link between circulating endorphin concentrations
and mood responses to acute exercise has not been
established (Dishman and O’Connor, 2009).
The endogenous mesolimbic opioid system contributes to

the rewarding effects of external factors like food, drugs, and
social interaction (Henriksen and Willoch, 2008; Trezza et al,
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Abstract
Physical exercise modulates food reward and helps control body weight. The endogenous m-opioid

receptor (MOR) system is involved in rewarding aspects of both food and physical exercise, yet

interaction between endogenous opioid release following exercise and anticipatory food reward

remains unresolved. Here we tested whether exercise-induced opioid release correlates with

increased anticipatory reward processing in humans. We scanned 24 healthy lean men after rest

and after a 1 h session of aerobic exercise with positron emission tomography (PET) using MOR-

selective radioligand [11C]carfentanil. After both PET scans, the subjects underwent a functional

magnetic resonance imaging (fMRI) experiment where they viewed pictures of palatable versus

nonpalatable foods to trigger anticipatory food reward responses. Exercise-induced changes in

MOR binding in key regions of reward circuit (amygdala, thalamus, ventral and dorsal striatum, and

orbitofrontal and cingulate cortices) were used to predict the changes in anticipatory reward

responses in fMRI. Exercise-induced changes in MOR binding correlated negatively with the

exercise-induced changes in neural anticipatory food reward responses in orbitofrontal and cingu-

late cortices, insula, ventral striatum, amygdala, and thalamus: higher exercise-induced opioid

release predicted higher brain responses to palatable versus nonpalatable foods. We conclude that

MOR activation following exercise may contribute to the considerable interindividual variation in

food craving and consumption after exercise, which might promote compensatory eating and

compromise weight control.

K E YWORD S

brain imaging, food reward, opioid release, physical exercise

1 | INTRODUCTION

Physical exercise helps control body weight by modulating various

physiological signalling pathways that govern energy homeostasis and

regulate appetite and food intake (Schubert, Sabapathy, Leveritt, &

Desbrow, 2014). Yet without calorie restriction, exercise alone is an

ineffective means for weight loss (Shaw, Gennat, O’Rourke, & Del Mar,

2006; Swift, Johannsen, Lavie, Earnest, & Church, 2014): compensatory

changes in dietary caloric intake following exercise contribute to

variability in weight loss outcomes (Thomas et al., 2012), and these

changes likely reflect differences in exercise-induced alterations in

hedonic responses to food (Finlayson, Bryant, Blundell, & King, 2009;

Finlayson et al., 2011). As hedonic properties of palatable foods bear

strong automatic incentives that may trigger food consumption even

beyond energy requirements, exercise-induced modulation of brain’s

reward processing may be important for compensatory eating after

physical exercise.

Behavioral and neuroimaging studies in humans have revealed

altered hedonic and motivational responses to food following exercise.

A single exercise session reduces chocolate craving and consumption
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PET + fMRI: µ opioid receptors 
modulate responses to viewing foods

Nummenmaa et al. Nat Comm 2018
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PET: Activation of µ opioid receptors after social 
touching in healthy subjects
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The size of human social networks significantly exceeds the network that can be maintained by social grooming or touching in other
primates. It has been proposed that endogenous opioid release after social laughter would provide a neurochemical pathway supporting
long-term relationships in humans (Dunbar, 2012), yet this hypothesis currently lacks direct neurophysiological support. We used PET
and the !-opioid-receptor (MOR)-specific ligand [ 11C]carfentanil to quantify laughter-induced endogenous opioid release in 12 healthy
males. Before the social laughter scan, the subjects watched laughter-inducing comedy clips with their close friends for 30 min. Before the
baseline scan, subjects spent 30 min alone in the testing room. Social laughter increased pleasurable sensations and triggered endogenous
opioid release in thalamus, caudate nucleus, and anterior insula. In addition, baseline MOR availability in the cingulate and orbitofrontal
cortices was associated with the rate of social laughter. In a behavioral control experiment, pain threshold—a proxy of endogenous
opioidergic activation—was elevated significantly more in both male and female volunteers after watching laughter-inducing comedy
versus non-laughter-inducing drama in groups. Modulation of the opioidergic activity by social laughter may be an important neuro-
chemical pathway that supports the formation, reinforcement, and maintenance of human social bonds.

Key words: bonding; carfentanil; emotion; laughter; opioids; positron emission tomography

Introduction
Humans and other primates use social touching or grooming for
reinforcing social structures (Dunbar and Shultz, 2010; Suvilehto

et al., 2015). Because blockade of opioid receptors stimulates
grooming and social behavior in primates (Meller et al., 1980;
Fabre-Nys et al., 1982), it has been proposed that touching-
dependent modulation of the !-opioid-receptor (MOR) system
might support maintenance of social bonds. However, because
the size of human social networks exceeds the network that can be
maintained by dyadic social touching (Dunbar, 2012), it has been
proposed that other means such as social laughter have evolved to
release endogenous opioids just as grooming does. Because social
laughter could allow simultaneous opioid release among all the
members of an interacting group, it might play a critical role in
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Significance Statement

Social contacts are vital to humans. The size of human social networks significantly exceeds the network that can be maintained by
social grooming in other primates. Here, we used PET to show that endogenous opioid release after social laughter may provide a
neurochemical mechanism supporting long-term relationships in humans. Participants were scanned twice: after a 30 min social
laughter session and after spending 30 min alone in the testing room (baseline). Endogenous opioid release was stronger after
laughter versus the baseline scan. Opioid receptor density in the frontal cortex predicted social laughter rates. Modulation of the
opioidergic activity by social laughter may be an important neurochemical mechanism reinforcing and maintaining social bonds
between humans.
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duces negative emotional experiences when seeing others in distress,
which is also reflected as attenuated brain responses to seeing others
experiencing pain (Rütgen et al., 2015a; Rütgen et al., 2015b).

Our results parallel those stemming from pharmacological ma-
nipulation studies on the opioidergic basis of social grooming in
nonhuman primates (Fabre-Nys et al., 1982; Graves et al., 2002). It is
thus possible that human social laughter could support similar social
functions as grooming does in humans and other primates, that is
reducing tension (cf. self-report data) and anxiety-related behaviors
(Graves et al., 2002), also including establishing and maintaining
social structures (Dunbar and Shultz, 2010; Suvilehto et al., 2015). In
agreement with these findings, significant laughter-induced MOR
activation was also observed in the anterior insula. The unmyeliated
C-tactile fibers project to the insula, but not to the primary somato-
sensory cortices (Olausson et al., 2002), and this tactile system re-
sponding to slow, pleasurable stroking may provide the sensory
pathway for emotional and affiliative touching. Along with prior

functional imaging studies showing insula activation while subjects
listen to vocal laughter bursts (Sander and Scheich, 2005), our data
support the claim that social laughter may engage the same affective–
sensory circuits as does physical grooming, which is consistent with
Darwin’s original proposal that laughter is a kind of “tickling of the
mind” (Darwin, 1872).

Surprisingly, we also observed decreased laughter-triggered
opioid activity in the cortical midline regions. Although such
observations are not uncommon in studies with [ 11C]carfentanil
(Hsu et al., 2013), their interpretation is not straightforward.
Decrease in BPND may result from externalization or conforma-
tional changes in the receptors, but whether it is caused by increased
or decreased endogenous opioid tone cannot be determined within
the current design.

Unlike grooming, social laughter allows engagement of the
MOR-dependent bonding mechanism among all members of an
interacting group. Laughter is highly contagious and, in an ap-
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Figure 2. Brain regions showing increased (hot colors) and decreased (cool colors) endogenous opioid release during the social laughter versus baseline conditions. Top row shows unthresholded
effect size maps; bottom row T-contrast maps thresholded at p ! 0.05, FDR corrected at the cluster level. Colored bars denote the d/T statistic ranges.
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Figure 3. Brain regions showing significant association between baseline MOR availability and frequency of recorded social laughter bursts (laughs per minute). The data are thresholded at p !
0.05, FDR corrected at the cluster level.
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propriately pleasurable context, simply hearing the sound of
laughing may be sufficient to trigger laughter (Provine, 2004).
This, in turn, may engage the MOR system of all individuals in the
group hearing the laughter. Therefore, laughter imposes less se-
vere timing constraints on social bonding compared with groom-
ing and it could thus play a key role in enabling humans to live in
exceptionally large social networks with numerous affiliative and
nonreproductive relationships (Dunbar, 2012). Such laughter-
based bonding mechanisms are functional very early on during hu-
man development; spontaneous laughter and smiles are the very first
prosocial gestures that infants direct toward their caregivers. Because
the occurrence of infant smiles is strongly related to the caregiver’s
positive emotions (Mireault et al., 2015), laughter and smiling are
thought to reflect coordinated bonding behavior within the infant–
caregiver dyad. Due to the spreading of the opioidergic response
across listeners, social laughter likely plays a major role in early so-
cialization of the infant to their family and their proximal social
networks, as well as directly underpinning the mother–infant bond.
However, we stress that our data pertain strictly to laughter-induced
opioid release and, even though this parallels the well known effects
of opioids on social bonding in other primates, further work is re-
quired to establish causal relationships between laughter-induced
opioid release and social bonding.

Baseline MOR availability predicts the rate of social laughter
Baseline MOR availability predicted linearly the rate of social
laughter during the experimental laughter manipulation. This
effect was observed in the key nodes of the reward circuit
(amygdala and ventral striatum) and in the frontal and cingulate

cortices supporting socioemotional func-
tions. These results provide direct evi-
dence for the hypotheses that MOR
availability is associated with sociability
and reward-sensitivity, as indicated
previously by correlational PET studies
(Nummenmaa et al., 2015). Importantly,
full-volume analysis also revealed an associ-
ation between laughter rate and MOR avail-
ability in the amygdala. The role of the
amygdala in nonverbal emotional process-
ing is well established (Sander and Scheich,
2005) and functional neuroimaging studies
have shown that the amygdala is involved in
involuntary (emotional) but not voluntary
laughter (Wild et al., 2003; Scott et al., 2014).
High availability of MORs may enhance the
calming effects of endogenously released
opioid peptides acting on the MOR during
social laughter, thus promoting reinforce-
ment of attachment bonds. Genetically
determined individual differences in opioi-
dergic neurotransmission influence social
behavior (Moles et al., 2004; Barr et al., 2008;
Way et al., 2009). It is therefore likely that
genetically determined MOR expression
contributes significantly to this effect; none-
theless, neuroplastic changes in the MOR
system after repeated exposures to pleasur-
able social interaction likely play a role too.

Humans have an urgent need to feel
like they belong to groups and most stud-
ies have shown that both large social net-
works and the availability of social

support are associated with beneficial effects for somatic health in
humans (Broadhead et al., 1983; Liu and Newschaffer, 2011;
Holt-Lunstad et al., 2015) and with infant survival in monkeys
(Silk et al., 2003). Prior studies also suggest that such laughter-
dependent effects on somatic health occur already at the level of
the immune system. Social laughter releases immunoenhancers
(such as !-endorphins), but it also increases the activity of natu-
ral killer cells (lymphocytes) and lowers cortisol levels in blood
circulation (Berk et al., 1989). Because both the tendency to avoid
intimate social interactions (Nummenmaa et al., 2015) and the
occurrence of mood disorders are associated with lower regional
availability of MOR (Kennedy et al., 2006), the present data show
that laughter may not only be an important mechanism for main-
taining social relationships, but also an effective behavioral cop-
ing mechanism against stressful situations.

Limitations
It must be noted that the observed BPND changes may also reflect
receptor internalization or altered conformation rather than oc-
cupancy by endogenous neurotransmitter. Our outcome mea-
sure (BPND) cannot specify directly which interpretation is most
appropriate. Moreover, because we scanned only males, we do
not know whether our results translate directly to females. How-
ever, our behavioral control data showing elevated pain threshold
when watching comedy versus drama clips together with friends
suggest that laughter likely triggers similar opioid release in fe-
male subjects. To maximize statistical power, our study used a
highly natural laughter manipulation coupled with a low-level
baseline condition (i.e., spending 30 min alone before the scan);

Figure 4. Association between baseline MOR availability and social laughter rate (laughs per minute) in orbitofrontal cortex
(OFC), ventral striatum (vSTR), and anterior (ACC) and middle (MCC) cingulate cortices (all p ! 0.05). Cook’s distances !0.57 for
all observations suggest that no single data point or removal of such drives the correlations significantly.
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Discussion

Our main finding was that male sex drive is positively 
associated with central opioidergic tone. The more fre-
quently the subjects reported in engaging in sexual activi-
ties, the more μ-opioid receptors they had in the striatum, 
thalamus, amygdala, and middle cingulate cortex. In the 
cingulate cortex, this effect was paralleled by elevated 
grey matter tissue density. Our study thus demonstrates 
that individual differences in male sex drive are associ-
ated with availability of μ-opioid receptors, suggesting 
that central opioidergic mechanisms modulate not only 
affiliative bonding but also sexual behavior in the human 
male.

Cerebral MOR availability is associated with sex 
drive

Sex drive had a consistent positive association with MOR 
availability in hippocampus, dorsal caudate, and midcin-
gulate cortices. Although the 95% posterior intervals over-
lapped with zero in the other tested ROIs, the effects were 
systematically positive. Complementary whole-brain analy-
sis supported sex drive-dependent MOR expression in amyg-
dala, thalamus, frontal cortex, as well as primary somatosen-
sory and motor cortices. Although the regional Bayesian and 
whole-brain analysis identified common regions with sex 
drive-dependent MOR expression, the whole-brain analysis 
also identified additional regions whose MOR expression 

Fig. 3  Brain regions where MOR availability was associated with sex 
drive. The data were thresholded at p < 0.05, FDR corrected. Scatter-
plots show least-squares-regression lines with 95% confidence inter-

vals in representative regions. PCC = posterior cingulate cortex, VST 
= ventral striatum

Fig. 4  Brain regions where cortical density was associated with sex drive. The data are thresholded at p < 0.05, FDR corrected

Study of human behavior:
µ opioid receptors correlate with sex drive in males
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Abstract
The endogenous mu-opioid receptor (MOR) system modulates a multitude of social and reward-related functions, and exogenous 
opiates also influence sex drive in humans and animals. Sex drive shows substantial variation across humans, and it is possible 
that individual differences in MOR availability underlie interindividual of variation in human sex drive. We measured healthy 
male subjects’ (n = 52) brain’s MOR availability with positron emission tomography (PET) using an agonist radioligand,  [11C]
carfentanil, that has high affinity for MORs. Sex drive was measured using self-reports of engaging in sexual behaviour (sex with 
partner and masturbating). Bayesian hierarchical regression analysis revealed that sex drive was positively associated with MOR 
availability in cortical and subcortical areas, notably in caudate nucleus, hippocampus, and cingulate cortices. These results 
were replicated in full-volume GLM analysis. These widespread effects are in line with high spatial autocorrelation in MOR 
expression in human brain. Complementary voxel-based morphometry analysis (n = 108) of anatomical MR images provided 
limited evidence for positive association between sex drive and cortical density in the midcingulate cortex. We conclude that 
endogenous MOR tone is associated with individual differences in sex drive in human males.

Keywords Opioids · Sex drive · Neurotransmission · PET · VBM

Introduction

Endogenous opioids modulate behaviors ranging from 
analgesia to socioemotional processes and pleasure 
(Nummenmaa & Tuominen, 2018). Although dopamine 
is the principal neurotransmitter responsible for reward 
processing, murine models show that opioids also produce 
reward independent of dopamine (Hnasko et  al., 2005). 
In animals, μ-opioid receptor (MOR) stimulation of the 

nucleus accumbens increases both incentive motivation and 
consummatory rewards (Berridge et al., 2010; DiFeliceantonio 
& Berridge, 2016; Peciña & Berridge, 2013), and injection of 
μ-opioid agonists into the mesolimbic reward system induces 
reward (Bozarth & Wise, 1981). Molecular imaging studies 
in humans have further demonstrated central opioidergic 
activation following administration of various rewards ranging 
from feeding to social contact and exercise-induced “runner’s 
high” (Boecker et al., 2008; Burghardt et al., 2015; Manninen 
et al., 2017). Sex is one of the most potent rewards for humans, 
given that copulation may lead to reproduction. Human sex 
drive varies both between sexes as well as between and within 
individuals (Baumeister et al., 2001; Twenge et al., 2017), 
and multiple lines of evidence suggest that the MOR system 
could be involved in maintenance of human sex drive (Pfaus 
& Gorzalka, 1987).

Opioid receptors (OR) are widely expressed in the neuro-
circuitry that underlies sexual behavior (Le Merrer et al., 
2009). Yet, the exact role of OR agonists and antagonists 
in exciting and inhibiting sexual behaviors is complex with 
nuanced differences across species and conditions. In a 
fashion similar to that of having sex, opioid agonists may 
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Study of vulnerability traits: Serotonin 5-HT1A receptors correlate with 
neuroticism in healthy subjects

Hirvonen et al. Psychiatry Res Neuroimaging 2015;234:1-6

3. Results

We found a significant main effect of neuroticism on global
5-HT1A receptor BPP (F¼9.3, p¼0.005) and also a significant
neuroticism" region interaction (F¼4.7, p¼0.007), suggesting
that the associations varied in magnitude across regions. Regional
analysis showed that the strongest correlations were seen in the
hippocampus (r¼ #0.49, p¼0.003) (Fig. 1), superior temporal
gyrus (r¼ #0.48, p¼0.004), and dorsolateral prefrontal cortex
(r¼ #0.48, p¼0.004) (Table 1). The association between neuroti-
cism and 5-HT1A receptor BPP was confirmed with an independent
receptor mapping analysis, which showed a significant cluster
encompassing most cortical voxels in the brain (cluster-size 160
687 voxels, cluster-level FWE corrected p-value o0.001). In most
brain regions, the coefficient of determination varied between 10%
and 24%, but peak values reached up to 37% (Fig. 2). Other
personality traits (extraversion, non-conformity, psychoticism)
were not correlated with 5-HT1A receptor BPP (main effects:
p¼0.33–0.73).

As a post-hoc analysis, we looked at the subscales of neuroti-
cism and found associations with Lack of Assertiveness (F¼14.9,
p¼0.001), Somatic anxiety (F¼6.1, p¼0.019), and Irritability

(F¼4.4, p¼0.044), while Socialization (F¼3.8, p¼0.057), Muscular
tension (F¼3.8, p¼0.059), and Guilt (F¼3.8, p¼0.061) bordered
on significance.

The correlation between neuroticism and 5-HT1A receptor BPP
was replicated using non-parametric correlations (e.g., hippocam-
pus ρ¼ #0.50, p¼0.002), and the main effect of neuroticism was
highly significant when natural logarithms of BPP were used in
rmANOVA (F¼9.7, p¼0.004). These findings confirm that non-
normality of distributions did not confound the primary findings.
In addition, the main effect of neuroticism persisted after includ-
ing age and sex in the model using natural logarithms of BPP
(F¼8.1, p¼0.008), and neither of these potential confounds was
associated with neuroticism or BPP in this sample. We did not find
a significant interaction between sex and neuroticism on BPP
(F¼0.83, p¼0.371). The correlations were also confirmed in the
amygdala (r¼ #0.50, p¼0.003) and the hippocampus (r¼ #0.41,
p¼0.020) using BPND, a binding potential measure of specific
binding relative to reference region in the brain (neuroti-
cism" region interaction, F¼2.7, p¼0.033). Finally, correlation
was confirmed using BPND estimated using the simplified refer-
ence tissue model with cerebellar gray matter as reference region,
a method used in previous reports (hippocampus: r¼ #0.38,
p¼0.025).

4. Discussion

We found an inverse correlation between the personality trait
neuroticism and the 5-HT1A receptor BPP in healthy subjects.
Healthy subjects who scored high on the neuroticism factor had
lower 5-HT1A receptor BPP than those who scored low. Given that
neuroticism is a strong predictor of major depressive disorder
(Kendler et al., 2006) and other anxiety-related disorders (Khan
et al., 2005), and that 5-HT1A receptor alterations have beenwidely
documented on those disorders (Drevets et al., 1999; Sargent et al.,
2000; Neumeister et al., 2004; Lanzenberger et al., 2007; Parsey
et al., 2006; Hirvonen et al., 2008; Nash et al., 2008; Parsey et al.,
2010), these results may have an impact on understanding how
high neuroticism conveys the increased risk for mood and anxiety
disorders. As a methodological advantage, we used the golden
standard of quantification with arterial blood samples to avoid
potential methodological bias associated with receptor binding in
the reference region. We found the strongest correlation with one

Fig. 1. Hippocampal serotonin 5-HT1A receptor binding correlates negatively with
neuroticism. Solid line is the linear regression line, and curved dashed lines
represent the bounds for the 95% confidence interval of the regression.

Table 1
Correlation analysis between personality traits assessed with Karolinska Scales of Personality and 5-HT1A receptor binding (BPP). Statistically significant correlations are given
in bold typeface.

Brain region Personality trait

Neuroticism Extraversion Non-conformity Psychoticism

R p R p R p R p

Anterior cingulate cortex, dorsal part #0.38 0.027 0.08 0.636 #0.05 0.785 #0.15 0.413
Anterior cingulate cortex, ventral part #0.39 0.022 0.05 0.796 #0.05 0.775 #0.14 0.435
Amygdala #0.47 0.005 0.06 0.738 #0.10 0.559 #0.17 0.329
Angular gyrus #0.47 0.005 0.09 0.625 0.01 0.987 #0.16 0.356
Dorsal raphe nuclei #0.41 0.016 0.15 0.390 #0.09 0.627 #0.28 0.114
Dorsolateral prefrontal cortex #0.48 0.004 0.06 0.726 #0.04 0.834 #0.18 0.314
Hippocampus #0.49 0.003 0.02 0.898 #0.11 0.553 #0.08 0.637
Inferior temporal gyrus #0.48 0.005 0.07 0.706 #0.06 0.752 #0.20 0.254
Insular cortex #0.44 0.010 0.04 0.841 #0.11 0.531 #0.11 0.538
Medial prefrontal cortex #0.45 0.008 0.13 0.482 #0.08 0.667 #0.21 0.246
Middle temporal gyrus #0.44 0.009 0.10 0.567 #0.02 0.913 #0.21 0.241
Orbitofrontal cortex #0.44 0.010 0.08 0.655 #0.06 0.717 #0.18 0.299
Posterior cingulate cortex #0.43 0.010 0.15 0.406 #0.01 0.986 #0.21 0.246
Superior temporal gyrus #0.48 0.004 0.14 0.448 #0.01 0.993 #0.20 0.263
Supramarginal gyrus #0.47 0.005 0.12 0.517 #0.03 0.886 #0.16 0.358
Ventrolateral prefrontal cortex #0.37 0.030 #0.09 0.621 0.02 0.904 #0.09 0.614
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of the subscales of neuroticism, lack of assertiveness. Lack of
assertiveness (also called inhibition of aggression) refers to an
inability to speak up and be self-assertive in social situations
(Gustavsson et al., 1996). Our measures of neuroticism assessed
with the Karolinska Scales of Personality correlate with those
obtained using the NEO-PI questionnaire (Aluoja et al., 2009).

Using PET and the 5-HT2A receptor radioligand [18F]altanserin,
Frokjaer et al. (2008) recently found a positive correlation between
5-HT2A binding and neuroticism in healthy subjects: high 5-HT2A
receptor binding was associated with high neuroticism scores. We
found an inverse correlation between 5-HT1A receptor binding and
neuroticism: low 5-HT1A receptor binding was associated with
high neuroticism scores. Although these two studies used different
personality scales (Revised NEO Personality Inventory in the
Frokjaer et al. study and Karolinska Scales of Personality in the
current study), these opposite findings may have neurobiological
relevance in how serotonin modulates neuroticism. In the human
cortex, 5-HT1A receptors are located on interneurons and axon
initial segments of pyramidal neurons (DeFelipe et al., 2001)
where they inhibit neuronal activity. In contrast, 5-HT2A receptors
are located in apical dendrites of pyramidal neurons (Jakab and
Goldman-Rakic, 1998), where they increase neuronal activity.
These two receptor subtypes are often co-expressed on the same
pyramidal neurons and GABAergic neurons (Amargós-Bosch et al.,
2004). Together they interact in modulating neuronal activity via
glutamate NMDA receptors (Yuen et al., 2008; Puig et al., 2010).
Therefore, the net effect of serotonergic modulation in high
neuroticism would then be positive on pyramidal neuron activity:
increased activation via higher density of 5-HT2A receptors and
decreased inhibition via lower density of 5-HT1A receptors. Alter-
natively, this pattern of results might be interpreted as a homeo-
static response to chronically lower endogenous serotonin levels
in high neuroticism via compensatory increases and decreases in
5-HT2A and 5-HT1A receptors, respectively. Unfortunately, we
cannot distinguish between these two interpretations in this
cross-sectional study. Nevertheless, this pattern suggests a specific
serotonergic phenotype that contributes to high neuroticism in
healthy subjects, although studies in the same individuals on both
5-HT1A and 5-HT2A receptors simultaneously are warranted to
confirm this hypothesis. Interestingly, the balance between corti-
cal 5-HT1A and 5-HT2A receptors is associated with threat-related
reactivity in amygdala (Fisher et al., 2011).

Serotonin 5-HT1A receptor appears to be involved in a variety of
mood and anxiety disorders, and imaging studies have mostly
found decreased binding in major depression (Drevets et al., 1999;
Sargent et al., 2000; Meltzer et al., 2004; Drevets et al., 2007;
Hirvonen et al., 2008), post-partum depression (Moses-Kolko
et al., 2008), panic disorder (Neumeister et al., 2004; Nash et al.,
2008), social anxiety disorder (Lanzenberger et al., 2007), and

chronic fatigue syndrome (Cleare et al., 2005), although Parsey
et al. (2006, 2010) have found evidence to the contrary in major
depression. Thus, our findings of the association between low
5-HT1A binding and high neuroticism implicate that these recep-
tors may involved in common vulnerability for neuroticism and
mood and anxiety disorders.

Our findings are consistent with those reported by Tauscher
et al. (2001), who found that high scoring in the anxiety facet of the
NEO-PI neuroticism subscale was associated with low 5-HT1A
binding potential (BPND). Although we found strongest correlations
with the scale Lack of Assertiveness, we also found a similar inverse
correlation with Somatic anxiety. In contrast, Rabiner et al. (2002)
did not find such association using the EPQ in 44 healthy subjects.
The reasons for this discrepancy are unclear, but these two ques-
tionnaires may probe different facets of negative emotionality since
NEO-PI neuroticism is associated with genetic variation at the gene
coding for serotonin transporter (5-HTTLPR) whereas EPQ neuroti-
cism is not (Munafò et al., 2009). The factors contributing to
neuroticism in KSP correlate well with NEO-PI neuroticism (Aluoja
et al., 2009), which bolsters to the validity of our results.

We found correlations in all brain regions, suggesting a global
association with 5-HT1A receptors and neuroticism. A widespread
correlation with anxiety was also reported by Tauscher et al.
(2001). In addition, all studies reporting changes in 5-HT1A
receptors in major depression have found widespread, not region-
ally specific effects (Shrestha et al., 2012). The reasons for a
widespread association are unclear, but may include genetic
effects. Unfortunately, we did not obtain genetic data (such as
those related to 5-HTTLPR). Alternatively, global changes in 5-HT1A
receptors may reflect overall modulation of post-synaptic recep-
tors by pre-synaptic autoreceptors in the raphe nuclei (Albert and
Lemonde, 2004) and, thereby, changes in overall serotonergic tone.

In summary, we found an inverse correlation between the person-
ality trait neuroticism and serotonin 5-HT1A receptor binding in
healthy subjects. Together with previous observations of the involve-
ment of the serotonin systems in neuroticism, these findings provide
clues to neural mechanisms that contribute to the link between high
neuroticism and mood and anxiety disorders. Future studies should
seek replication in a larger sample; combine 5-HT1A receptor datawith
functional imaging data (such as threat-related amygdala reactivity);
and directly test the hypothesis between anxiety and 5-HT1A receptors
by using pharmacological challenges in conjunction with both recep-
tor imaging and functional imaging in healthy subjects.

Contributors

Jussi Hirvonen designed the study, gathered the data, analyzed
the data, and wrote the manuscript. Lauri Tuominen analyzed the

Fig. 2. Voxel-wise coefficient of determination (R2) of the association between 5-HT1A receptor binding and neuroticism projected on a gray brain surface template. R2 map is
thresholded at 10%.
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Study of vulnerability traits: µ opioid receptors correlate with avoidant 
attachment in healthy subjects

Nummenmaa et al. Hum Brain Mapp 2015;36:3621-8

ROIs: Attachment avoidance (but not anxiety) was nega-
tively associated with BPND in OFC, amygdala, dorsal
striatum, and thalamus (Ps< 0.05 in one-tailed test).
However, associations were not significant in insula,
ACC, ventral, and dorsal striatum (Ps> 0.05). Finally, lin-

ear regression analysis revealed that [11C]carfentanil
BPND in the OFC emerged as the sole predictor for
attachment avoidance (b 5 20.89, t 5 22.02, P< 0.05),
with no significant predictors observed for attachment
anxiety.

Figure 1.
Mean [11C]carfentanil BPND distribution in the brain.

Figure 2.
Brain regions showing a statistically significant association between avoidant attachment and
MOR availability. The data are thresholded at P< 0.05, FDR corrected. ACC 5 anterior cingulate
cortex, MCC 5 Middle cingulate cortex, mPFC 5 medial prefrontal cortex, OFC 5 orbitofrontal
cortex, PCC 5 Posterior cingulate cortex, vSTR 5 ventral striatum.

r Nummenmaa et al. r

r 3624 r

DISCUSSION

We show for the first time that individual differences in
the attachment style of human adults is associated with
baseline MOR availability, with high attachment avoidance
being associated with low MOR availability both in
regions belonging to the putative social distress circuit
[ACC and thalamus; Panksepp, 2003] and in the medial
frontocortical regions that support functions such as emo-
tions and theory-of-mind that are critical for social interac-
tion [mPFC, OFC; Amodio and Frith, 2006]. Subset of the
regions showing attachment-dependent MOR availability
also overlap with the fronto-insular saliency network [See-
ley et al., 2007], possibly highlighting the role of the this
system in subserving alert functions during intimate inter-
personal situations. Our finding accords with primate
work showing that the opioid system modulates pair
bonding and attachment in primates and other mammals
[Machin and Dunbar, 2011; Nelson and Panksepp, 1998],
in addition to the well-known oxytocin and vasopressin
systems [Young et al., 2001].

These findings suggest that variation in focal MOR
availability may provide an important neurochemical
mechanism explaining individual differences in avoidant
adult attachment behavior. Our results emphasize that this
is a quantitative relationship with receptor density,
and animal studies have indeed linked endogenous
MOR availability with attachment behavior. Preclinical

experiments and postmortem work in humans suggest
OPRM1-modulated MOR expression [Mague et al., 2009;
Zhang et al., 2005], also confirmed by human PET studies
[Pecina et al., 2015; Weerts et al., 2013]. Whereas low
endogenous MOR availability seen in gene knock-out mice
leads to a deficit in maternal attachment in mice [Moles
et al., 2004], monkey infants with gain-of-function OPRM1
77G allele express enhanced maternal attachment [Barr
et al., 2008]. In human adults, the minor allele (G) of the
OPRM1 A118G polymorphism also predicts self-reported
avoidant attachment [Troisi et al., 2011]. In line with these
studies, prior PET work in humans shows that MOR activ-
ity increases in the amygdala and anterior insula during
social acceptance [Hsu et al., 2013], whereas MOR-
mediated neurotransmission is decreased when individu-
als recall past events involving termination of social bonds
[Zubieta et al., 2003]. Together with these findings, our
data suggest that the MOR system is intimately involved
in maintenance of social connections with significant
others.

Pharmacological studies further corroborate the role of
MOR in attachment behavior by showing that exogenous
opioid antagonists increase social grooming in monkeys
[Fabre-Nys et al., 1982; Keverne et al., 1989], whereas opioid
agonists alleviate separation distress in puppies [Panksepp
et al., 1978]. These effects may reflect the well-known role
the opioid system plays in reward and pain processing

Figure 3.
Association between avoidant attachment style and MOR availability in orbitofrontal cortex (A)
and thalamus (B). Note: The scatterplots are for visualization only and the statistical reasoning is
based on the full-volume SPM analysis. Cook’s distance for all observations is <1 suggesting that
no single data point or their removal significantly biases the correlation.
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intercepts to control for variables not explicitly included in the models and
dummy-covariates to control for biases between different scanners. The
first model included all variables of interest (sex, age, BMI, and smoking)
and sex-interactions for age and BMI; sex-smoking interaction could not be
estimated because all smokers were female. The remaining models were
submodels of the first model. Binding potentials were log-transformed
because posterior predictive checking (Gabry et al., 2019; Gelman et al.,
2013) indicated that log-transformation significantly improves model fit
(see Supplementary Figure 2). The log-transformation essentially switches
the model from additive to multiplicative; it also helps in model fitting
because the assumption of linear additivity works poorly when the
dependent variable is restricted to positive values (Gelman andHill, 2006).

Predictive performance of the seven models was compared using
Bayesian 10-fold cross-validation (Vehtari and Lampinen, 2002), as
implemented in the R package LOO (https://CRAN.R-project.org/package
¼loo). The subsamples used in cross-validation were created by randomly
removing 10% of the subjects. Predictive accuracy was then assessed for
the leftover subjects. This procedure was repeated ten times, and the re-
sults were combined to select a model. According to the cross-validation
criterion, the model without BMI (Model 4) had the best predictive ac-
curacy, outperforming the other models significantly (Supplementary
Table 2). BMI was thus not a relevant predictor of MOR availability. The
posterior distribution obtained using the Model 4 (without BMI) is more
closely investigated in the Results section.

2.3.3. Full-volume analyses
Traditional voxel-level analysis with Bayesian hierarchical modeling

was inappropriate for the whole-brain analysis: With typically used voxel
sizes (isotropic 1–6 mm) the number of voxels was so large that model
estimation was computationally prohibitive. In turn, when down-
sampling the data to resolution whose analysis was computationally
feasible (isotropic 10 mm), the resulting voxels extended over function-
ally heterogeneous tissue causing partial volume effects. We thus
developed a new method for receptor-density-based subdivision of
anatomical regions. The method clusters atlas-derived anatomical ROIs
into smaller volumetric units based on the spatial receptor-density dis-
tribution within each ROI. Here the anatomical ROIs were defined using
the AAL template, and the clustering was based on a high-resolution
population [11C]carfentanil BPND map (i.e. average of all parametric
BPND images analyzed in the study; see Fig. 1). Hierarchical clustering, as
implemented in MATLAB, was used (see https://github.com/tkkarja
l/mor-variability for the code). The procedure makes the receptor
availability of the clusters homogenous within clearly defined anatomical
boundaries while keeping the number of volumetric units within
computationally feasible limits (here 320). Once the clusters were

defined, we calculated cluster-specific binding potentials for each sub-
ject, and fitted the Model 4 to the data, thus essentially estimating the
effects in the whole brain.

2.3.4. Hemispheric asymmetry
Hemispheric asymmetry was analyzed by comparing within-subject

differences in binding potentials between the hemispheres. We first
calculated the difference between the ROI-specific right and left hemi-
sphere estimates. We then modeled these differences using ROI-specific
intercepts using the default priors of BRMS. The effects were calculated
separately for males and females.

3. Results

In both sexes, MORs were widely expressed in the brain (Fig. 1),
consistent with previous studies (Nummenmaa and Tuominen, 2018).
Unthresholded atlases of average [11C]carfentanil BPND for males, fe-
males and the whole sample, and beta maps for age-effect in females,
age-effect in males, and the smoking effect are available in https://neuro
vault.org/collections/GCELSAIA/.

3.1. Effects of age and sex

We observed regionally varying effects of age on [11C]carfentanil
BPND across both sexes (Fig. 2). BPND decreased with age in amygdala,
thalamus, nucleus accumbens, and cerebellum, whereas it increased with
age in temporal regions and frontal cortex. The positive associations were
stronger in males. In males, [11C]carfentanil BPND increased with age also
subcortically in putamen and insula. The proportional changes of BPND as
a result of 10.8-year increase in age (one SD of the sample’s age distri-
bution) in the ROIs are presented in Supplementary Table 3 – these
frontotemporal increases ranged from 3 to 16% and subcortical decreases
from 2 to 8%. Age-dependent sex-differences in [11C]carfentanil BPND are
visualized in Fig. 3. In almost all ROIs, the mean BPND was higher in 20-
year-old females compared to 20-year-old males (Supplementary
Table 3). Because BPND increased with age in males faster than in fe-
males, the sex-differences decreased until around 30 years of age, after
which BPND in males increased above females in most brain regions.
Amygdala, thalamus, nucleus accumbens, and temporal pole displayed
no notable sex differences at any age.

We also explored nonlinear effects of age on [11C]carfentanil BPND in
the ROIs (Supplementary Figure 3). These analyses confirmed that BPND
decreases linearly in amygdala and thalamus, and the increase in BPND is
steeper in males compared to females in most brain regions. In males,
however, the increase was linear only until approximately 30 years of

Fig. 1. Mean distribution of μ-opioid receptors in the human brain based on the 204 [11C]carfentanil BPND images.
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the sexes. We also examined hemispheric differences in subsamples of the
128 right-handed and the seven left-handed individuals, and found that
both groups display lateralization towards the right hemisphere.

4. Discussion

Our main findings were that sex, age, and smoking influence [11C]
carfentanil binding in the brain. BMI was not associated with [11C]car-
fentanil BPND. In most brain regions, BPND was slightly higher in the right
than in the left hemisphere.

4.1. Effects of age

Older age was associated with reductions in [11C]carfentanil BPND in
thalamus, amygdala, nucleus accumbens, and cerebellum. On the con-
trary, BPND in frontotemporal areas increased with age in both sexes.
Nonlinear models revealed that this upregulation reached a plateau at
around 40–50 years of age. The age-related increase in cortical MOR
availability accords with prior autoradiography studies (Gabilondo et al.,
1995; Gross-Isseroff et al., 1990; Zalsman et al., 2005). The only,
significantly smaller, prior PET study investigating ageing and MOR re-
ported a positive association in cortical areas (Zubieta et al., 1999). Our
data thus confirm this cortical increase of MOR availability with
advancing age, but highlight that the increase saturates at midlife and
that the effects of age are bidirectional and region-specific.

Our cross-sectional study cannot point an exact reason for detected
age-related decrease in [11C]carfentanil BPND in thalamus, amygdala and
nucleus accumbens, but it is possible that it could be at least partly caused
by brain atrophy. Ageing is associated with gray matter (GM) loss in the
brain (Good et al., 2001; Lockhart and DeCarli, 2014), and many other
receptor systems, including serotonin and dopamine, undergo receptor

Fig. 3. Sex-dependent age effects. Age-dependent mean log binding potential
along with 95% highest density posterior intervals calculated over the range of
data points for all regions of interest separately for males (blue) and fe-
males (red).

Fig. 4. Posterior distribution of hemispheric differences estimated in each re-
gion separately for females (red) and males (blue). Distributions located right to
the dashed line have higher binding in the right hemisphere and vice versa. The
black vertical lines represent posterior means, the thick horizontal bars 80%
posterior intervals, and the thin horizontal bars 95% posterior intervals.
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age, after which it slowed down and saturated by 50 years of age. In
temporal and frontal cortices, also females exhibited similar nonlinear
age-effects.

3.2. Effects of smoking

Smokers had globally decreased binding compared to nonsmokers
(Supplementary Figure 4). The reductions, ranging from 8% to 14%
(Supplementary Table 3), were most prominent in subcortical regions
such as amygdala and striatum. Because all the smokers were female, we
also estimated the effects of smoking using female-only data. This

analysis yielded similar results.

3.3. Hemispheric asymmetry

The posterior distributions for absolute differences between regional
binding potentials in the right and left hemispheres are presented in
Fig. 4. All differences were within ! 6% (Supplementary Table 4). In
most brain regions, including thalamus, caudate, cingulate cortex, orbi-
tofrontal cortex, and putamen, [11C]carfentanil BPND was higher in the
right hemisphere. Only in nucleus accumbens and amygdala was BPND
higher in the left hemisphere. This lateralization was consistent across

Fig. 2. Effects of age and sex on μ-opioid receptor (MOR) availability in the brain. (a–b) Brain regions where [11C]carfentanil BPND is associated with age in females
(a) and males (b). Shown clusters have 80% posterior interval excluding zero and absolute value of the regression coefficient at least 0.02. Coloring indicates increase
(hot colors) and decrease (cool colors) of BPND as a function of age. Unthresholded maps are available at https://neurovault.org/collections/GCELSAIA/. (c–d)
Summary of the posterior distributions of all clusters for the regression coefficient of age for females (c) and males (d). The filled circles represent posterior means, the
thick lines 80% posterior intervals, and the thin lines 95% posterior intervals. Color coding is used for highlighting the anatomical grouping of the clusters (see labels
on x-axis).
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A B S T R A C T

Alterations in the brain’s μ-opioid receptor (MOR) system have been associated with several neuropsychiatric
disorders. Central MOR availability also varies considerably in healthy individuals. Multiple epidemiological
factors have been proposed to influence the MOR system, but due to small sample sizes the magnitude of their
influence remains inconclusive. We compiled [11C]carfentanil positron emission tomography scans from 204
individuals with no neurologic or psychiatric disorders, and estimated the effects of sex, age, body mass index
(BMI) and smoking on [11C]carfentanil binding potential using between-subject regression analysis. We also
examined hemispheric differences in MOR availability. Older age was associated with increase in MOR avail-
ability in frontotemporal areas but decrease in amygdala, thalamus, and nucleus accumbens. The age-dependent
increase was stronger in males. MOR availability was globally lowered in smokers but independent of BMI.
Finally, MOR availability was higher in the right versus the left hemisphere. The presently observed variation in
MOR availability may explain why some individuals are prone to develop MOR-linked pathological states, such as
chronic pain or psychiatric disorders. Lateralized MOR system may reflect hemispheric work specialization in
central emotion and pain processes.

1. Introduction

Endogenous opioids modulate multiple physiological and homeo-
static functions. The most studied opioid receptors are μ-opioid receptors
(MORs), which are widely expressed in the central nervous system (CNS)
acting as important mediators for analgesia and reward (Henriksen and
Willoch, 2008). Endogenous opioids also regulate mood (Lutz and
Kieffer, 2013), social behavior (Machin and Dunbar, 2011) and endo-
crine function (Katz and Mazer, 2009; Wand et al., 2011). Dysregulation
of the MOR system has been documented in multiple disorders and
conditions including major depression (Kennedy et al., 2006; Peci~na
et al., 2019), schizophrenia (Ashok et al., 2019), post-traumatic stress
disorder (Liberzon et al., 2007), drug addiction (Contet et al., 2004) and

obesity (Karlsson et al., 2015).
Opioid receptor density varies substantially between healthy humans

(Gabilondo et al., 1995; Gross-Isseroff et al., 1990), and this variation
may contribute to etiology of different psychiatric conditions as well as
treatment responses. First, a polymorphism in the MOR-coding gene
OPRM1 influences cerebral MOR availability (Weerts et al., 2013). Sec-
ond, one positron emission tomography (PET) study suggests that age
and sex explain some of this variation: MOR availability increases with
advancing age in cortical areas, whereas women have higher MOR
availability compared to men during the reproductive years (Zubieta
et al., 1999). Third, MOR system dysfunction has been associated with
health-related conditions and behavior: Morbidly obese individuals have
globally downregulated MORs (Karlsson et al., 2015). Also smoking has
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A B S T R A C T

Alterations in the brain’s μ-opioid receptor (MOR) system have been associated with several neuropsychiatric
disorders. Central MOR availability also varies considerably in healthy individuals. Multiple epidemiological
factors have been proposed to influence the MOR system, but due to small sample sizes the magnitude of their
influence remains inconclusive. We compiled [11C]carfentanil positron emission tomography scans from 204
individuals with no neurologic or psychiatric disorders, and estimated the effects of sex, age, body mass index
(BMI) and smoking on [11C]carfentanil binding potential using between-subject regression analysis. We also
examined hemispheric differences in MOR availability. Older age was associated with increase in MOR avail-
ability in frontotemporal areas but decrease in amygdala, thalamus, and nucleus accumbens. The age-dependent
increase was stronger in males. MOR availability was globally lowered in smokers but independent of BMI.
Finally, MOR availability was higher in the right versus the left hemisphere. The presently observed variation in
MOR availability may explain why some individuals are prone to develop MOR-linked pathological states, such as
chronic pain or psychiatric disorders. Lateralized MOR system may reflect hemispheric work specialization in
central emotion and pain processes.

1. Introduction

Endogenous opioids modulate multiple physiological and homeo-
static functions. The most studied opioid receptors are μ-opioid receptors
(MORs), which are widely expressed in the central nervous system (CNS)
acting as important mediators for analgesia and reward (Henriksen and
Willoch, 2008). Endogenous opioids also regulate mood (Lutz and
Kieffer, 2013), social behavior (Machin and Dunbar, 2011) and endo-
crine function (Katz and Mazer, 2009; Wand et al., 2011). Dysregulation
of the MOR system has been documented in multiple disorders and
conditions including major depression (Kennedy et al., 2006; Peci~na
et al., 2019), schizophrenia (Ashok et al., 2019), post-traumatic stress
disorder (Liberzon et al., 2007), drug addiction (Contet et al., 2004) and

obesity (Karlsson et al., 2015).
Opioid receptor density varies substantially between healthy humans

(Gabilondo et al., 1995; Gross-Isseroff et al., 1990), and this variation
may contribute to etiology of different psychiatric conditions as well as
treatment responses. First, a polymorphism in the MOR-coding gene
OPRM1 influences cerebral MOR availability (Weerts et al., 2013). Sec-
ond, one positron emission tomography (PET) study suggests that age
and sex explain some of this variation: MOR availability increases with
advancing age in cortical areas, whereas women have higher MOR
availability compared to men during the reproductive years (Zubieta
et al., 1999). Third, MOR system dysfunction has been associated with
health-related conditions and behavior: Morbidly obese individuals have
globally downregulated MORs (Karlsson et al., 2015). Also smoking has
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