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Abstract 1 

The serotonin (5-HT) system modulates many important brain functions and is critically 2 

involved in many neuropsychiatric disorders. We here present a high-resolution multi-dimensional in 3 

vivo atlas of four of the human brain’s 5-HT receptors (5-HT1A, 5-HT1B, 5-HT2A, and 5-HT4) as well 4 

as of the 5-HT transporter (5-HTT). The atlas is created from molecular and structural high-resolution 5 

neuroimaging data consisting of Positron Emission Tomography (PET) and Magnetic Resonance 6 

Imaging (MRI) scans, acquired in a total of 210 healthy individuals. Comparison of the regional PET 7 

binding measures with postmortem human brain autoradiography outcomes showed a high 8 

correlation for the five 5-HT targets and this enabled us to transform the atlas to represent protein 9 

densities (pmol/ml). We also assessed the regional association between protein concentration and 10 

mRNA expression in the human brain by comparing the 5-HT density across the atlas to data from 11 

the Allen Human Brain atlas and identified receptor- and transporter specific associations which 12 

inform about the regional relation between the two measures. Together, these data provide 13 

unparalleled insight into the serotonin system of the human brain. 14 

  15 
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Significance Statement 1 

We present a high-resolution PET and MR-based human brain atlas of important serotonin 2 

receptors and the transporter. The regional PET-derived binding measures correlate strongly with the 3 

corresponding autoradiography protein levels. The strong correlation enables the transformation of 4 

the PET-derived human brain atlas into a protein density map of the 5-HT system. Next, we compared 5 

the regional receptor/transporter protein densities to mRNA levels, and uncovered unique associations 6 

between protein expression and density at high detail. This new in vivo neuroimaging atlas of the 5-7 

HT system does not only provide insight in the human brain’s regional protein synthesis, transport 8 

and density, but also represents a valuable source of information for the neuroscience community as 9 

a comparative instrument to assess brain disorders.  10 
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Introduction 1 

Serotonin (5-hydroxytryptamine, 5-HT) is a highly evolutionary conserved monoamine 2 

neurotransmitter that across species modulates multiple psycho-physiological functions. In the human 3 

brain, 5-HT is synthesized within the brainstems’ raphe nuclei which have distributed efferent and 4 

afferent projections throughout the brain (Dorocic et al., 2014). The 5-HT system is highly diverse 5 

(Hannon and Hoyer, 2008); based on structural, transductional and operational features its receptors 6 

have been grouped into 7 families of receptors (5-HT1 to 5-HT7), including 14 known subtypes, and 7 

a transporter (5-HTT). Of the 14 receptors, there are 13 distinct G protein-coupled receptors and one 8 

ligand-gated ion channel receptor, the 5-HT3. 5-HT is involved in myriad physiological functions 9 

such as cognition (Meneses, 1999), mood and social interaction (Young and Leyton, 2002), sexual 10 

behavior (Waldinger, 2015), feeding behavior (Magalhães et al., 2010), sleep-wake cycle (Portas et 11 

al., 2000) and thermoregulation (Cryan et al., 2000). Disturbances in the 5-HT system are also linked 12 

to many debilitating brain disorders such as major depression, anxiety, and schizophrenia as well as 13 

migraine and neurodegenerative disorders (Oades, 2010). The role of the individual receptors in the 14 

different functions and disorders is, however, only partially known. A prominent example is that even 15 

though the 5-HTT inhibitors (SSRIs) are the most frequently prescribed antidepressant drug class, the 16 

exact involvement of individual 5-HT receptors in mediating its clinical effects is still unclear. To 17 

study the role of the individual receptors in healthy individuals, in patients with brain disorders and 18 

in response to physiological or drug interventions, in vivo molecular brain imaging with positron 19 

emission tomography (PET) in conjunction with an appropriate radiotracer represents the state-of-20 

the-art approach for quantifying the density and spatial distribution of brain receptors and transporters.   21 

Brain atlases play a key role in neuroimaging research. Stereotactic atlases of magnetic 22 

resonance imaging (MRI) brain morphology such as the Talairach (Talairach and Tournoux, 1988) 23 

and the Montreal Neurological Institute (MNI) atlas (Evans et al., 1992) have become fundamental 24 

pillars for performing group analysis and anatomical segmentations such as the Automated 25 

Anatomical Labeling atlas (Tzourio-Mazoyer et al., 2002) are commonly used to report results of 26 
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regional outcomes of brain imaging data. A high-resolution human brain atlas of 5-HT receptors will 1 

represent a valuable tool for neuroimaging studies investigating the 5-HT system and disorders related 2 

to its dysfunction.  3 

The distribution of 5-HT receptors in the human post-mortem brain has in the past been 4 

extensively described by autoradiography. However, autoradiography measurements, although 5 

quantitative, provide far less spatial information than a whole-brain atlas. With the development of 6 

well-validated radioligands for imaging the 5-HT system in vivo, it is now possible to image specific 7 

5-HT receptor subtypes and the 5-HT transporter. Up to now, specific and validated PET radioligands 8 

for use in humans have been developed for the receptors 5-HT1AR, 5-HT1BR, 5-HT2AR, 5-HT4R and 9 

for 5-HTT (Paterson and Kornum, 2013). A radioligand for the 5-HT6 receptor has been validated in 10 

humans (Parker et al., 2012) but was not included here because it also has high affinity to the 5-HT2A 11 

receptor (Parker et al., 2015). 12 

We here present an MRI- and PET-based high-resolution atlas of the human brain 5-HT 13 

receptors 5-HT1AR, 5-HT1BR, 5-HT2AR, 5-HT4R and the 5-HTT, represented both in volume and on 14 

the cortical surface. The atlas was generated using a subset of the Center for Integrated Molecular 15 

and Brain Imaging’s (Cimbi) extensive database (Knudsen et al., 2015), including 210 healthy 16 

volunteers aged between 18 and 45 years. Regional PET binding values were compared to 17 

corresponding post-mortem autoradiography data (Bonaventure et al., 2000; Varnäs et al., 2004) 18 

allowing us to validate our results and convert binding values into densities. Furthermore, regional 19 

densities were compared with mRNA levels from the Allen Human Brain Atlas (Hawrylycz et al., 20 

2012; French and Paus, 2015) to confirm previous findings and gain novel insights into the 21 

localization of the receptor/transporter protein versus its expression. 22 

Materials & Methods 23 

Participants 24 

All participants included in this study were healthy male and female controls from the Cimbi 25 

database (Knudsen et al., 2015); all data from this database is freely accessible. The data analysis was 26 
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restricted to include individuals aged between 18 and 45 years. Participants were recruited by 1 

advertisement for different research protocols approved by the Ethics Committee of Copenhagen and 2 

Frederiksberg, Denmark. A total of 232 PET scans and corresponding structural MRI scans were 3 

acquired for 210 individual participants; 189 subjects had only 1 scan, 20 subjects had 2 scans and a 4 

single had 3 scans. Demographics details are presented in Table 1.  5 

Positron Emission Tomography and Structural MRI 6 

PET data was acquired in list-mode on a Siemens HRRT scanner operating in 3D-acquisition 7 

mode, with an approximate in-plane resolution of 2 mm (1.4 mm in the center of the field of view 8 

and 2.4 mm in cortex) (Olesen et al., 2009). PET frames were reconstructed using a 3D-OSEM-PSF 9 

algorithm (Comtat et al., 2008; Sureau et al., 2008). Scan time and frame length were designed 10 

according to the radiotracer characteristics. Dynamic PET frames were realigned using AIR 5.2.5 11 

(Woods et al., 1992). See Table 2 for details on framing and realignment. T1 and T2-weighted 12 

structural MRI were acquired on four different Siemens scanners with standard parameters. All 13 

structural MRIs (T1 & T2) were unwarped offline using FreeSurfer’s gradient_nonlin_unwarp v0.8 14 

or online on the scanner (Jovicich et al., 2006). For further details on structural MRI acquisition 15 

parameters, see Knudsen et al. (2015). 16 

Further processing was performed with FreeSurfer 5.3 (Fischl 2012, 17 

http://surfer.nmr.mgh.harvard.edu) using a surface and a volume stream. The individual cortical 18 

surfaces were reconstructed using the structural MRI corrected for gradient non-linearities. The pial 19 

surfaces were further refined using T2-weighted structural images and manually corrected where 20 

necessary. PET-MR coregistration was estimated using boundary-based registration (Greve and 21 

Fischl, 2009) between the time-weighted sum of the PET time-activity curves (TAC) and the 22 

structural MRI. Additionally, the transformation from individual MR space to normal MNI152 space 23 

was estimated with Combined Volume-Surface registration (Postelnicu et al., 2009) (CVS). 24 

Regional TACs for the cortical regions were extracted by resampling the TACs to the cortical 25 

surface (Greve and Fischl, 2009) and taking the average within each of the 34 regions defined by the 26 
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Desikan-Killiany cortical atlas (Desikan et al., 2006) automatically labeled by FreeSurfer. Similarly, 1 

regional TACs for 7 subcortical regions were obtained by resampling the TACs to an MR-based 2 

refined version of the automatic volume segmentation derived by FreeSurfer for each subjects as 3 

describe in Greve et al. (2016). Additionally, a segmentation of cerebellum including different lobules 4 

(e.g. vermis) were created using SUIT 2.7 (Diedrichsen, 2006) and SPM12 5 

(http://www.fil.ion.ucl.ac.uk/spm). Gray matter cerebellar segmentations used as reference region 6 

were created by limiting the FS segmentation to the intersection with the cerebellum labeled by SUIT, 7 

excluding vermis; this has the effect of removing peripheral overlabeling sometimes present in the 8 

cerebellar segmentations. 9 

Due to the high binding of [11C]DASB and [11C]CUMI-101 within dorsal and median raphe, 10 

these ROIs can be delineated directly on PET images. Raphe TACs were obtained by delineating the 11 

ROIs on the time-weighted summed TACs using anatomical landmarks from structural MRI 12 

according to the method described in Beliveau et al. (Beliveau et al., 2015) and extracting the average 13 

TACs within these regions. For the other tracers, raphe TACs were obtained by taking the average 14 

within normalized dorsal and median raphe templates. These templates were created by transferring 15 

the raphe ROIs previously derived to common space (MNI152) using CVS and taking the voxels with 16 

the highest overlap with a target volume of 150 mm3 and 100 mm3
 for dorsal and median raphe, 17 

respectively. The delineations and templates were transferred back to PET space using CVS.  18 

Subcortical voxel-wise TACs in common volume space (MNI152) were obtained using CVS. 19 

Cortical vertex-wise TACs in common surface space (fsaverage) were obtained using the cortical-20 

surface alignment estimated by FreeSurfer (Fischl et al., 1999). Finally, cortical and subcortical TACs 21 

were respectively surface smoothed by 10mm and volume smoothed by 5mm full width half 22 

maximum. 23 

 Kinetic Modeling 24 

For all radioligands modeling of the parametric and regional BPND was performed using the 25 

FS PET pipeline (Greve et al., 2013) with a Multilinear Reference Tissue Model 2 (MRTM2) (Ichise 26 
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et al., 2003) using cerebellar gray matter, excluding vermis, as a reference region .The reference 1 

region washout rate (k2’) was computed using MRTM (Ichise et al., 1996); the high-binding TAC  2 

was obtained from a surface-weighted average of neocortical regions for [11C]CUMI-101, 3 

[11C]AZ10419369 and [11C]Cimbi-36, and from a volume-weighted average of caudate and putamen 4 

for [11C]SB207145 and of caudate, putamen and thalamus for [11C]DASB. Parametric and regional 5 

BPND were thresholded between 0 and 10 (outliers were set to the corresponding threshold value) and 6 

average maps were created. For 5-HTT, the TAC of the median raphe was found to be irreversible 7 

within the scan time, hence the BPND for this region is not reported and it was disregarded from further 8 

analysis. 9 

 In Vivo Binding and Autoradiography 10 

In order to compare our results to those of Varnäs et al. (2004) and Bonaventure et al. (2000), 11 

regional values were adapted. First, the autoradiography data from Varnäs et al. was averaged across 12 

layers for individual cortical regions and divisions of subcortical structures were averaged to generate 13 

larger identifiable structures. Then each region of the Desikan-Killiany cortical atlas (both left and 14 

right independently) as well as each subcortical region were grouped according to a set of regions 15 

common to the autoradiography data. Regional BPND values were then averaged within group using 16 

a volume/surface-weighting. Regions where no reasonable pairing could be made were disregarded. 17 

The association between BPND and autoradiography was estimated using a linear regression without 18 

intercept, as a null density is expected to yield null binding, and the estimated slopes were used to 19 

transform BPND into density values. Pearson’s and Spearman’s correlation coefficients were also 20 

computed for all associations. The Shapiro-Wilks test was used to assess the normality of the residuals 21 

and the null-hypothesis of normality was rejected for p<0.1; whenever the residuals did not pass the 22 

test, only the Spearman’s correlation coefficient is reported. Densities in units of pmol/g tissue were 23 

converted to pmol/ml using an approximate gray matter density of 1.045 g/ml (DiResta et al., 1991).  24 

A linear mixed-effect model was used to investigate the global effect of age and gender on the 25 

regional density for the five 5-HT targets. The model included age, gender and the interaction between 26 
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age and gender as a fixed effect. Region-specific random effects were used to model regional-specific 1 

densities and subject-specific random effects to account for the correlation between the regional 2 

measurements of a given individual. To handle different variability in 5-HT density between regions, 3 

a separate variance parameter was estimated for each region.  To investigate a possible regional-4 

specific effect of age or gender, a separate linear regression was fitted to each region including age, 5 

gender and a possible interaction between age and gender as covariates. In the global models, the p-6 

values were adjusted for multiple comparison over tracers (n=5) controlling the false discovery at 5% 7 

(Benjamini and Hochberg, 1995). Similarly, regional models were corrected for multiple comparison 8 

over regions (n=42). For the entire analysis, the significance threshold was fixed at p<0.05. Regional 9 

densities were averaged for left and right hemispheres. 10 

The BPND of small volume of interest surrounded by low binding tissue can be drastically 11 

underestimated due to partial volume effects. As previously described (Savli et al., 2012), this is 12 

particularly pronounced in the raphe nuclei for the 5-HTT and 5-HT1AR as there is high binding for 13 

the corresponding radioligand in this region, but much lower levels in to neighboring white matter 14 

tissue of the brainstem. Accordingly, the raphe nuclei density values reported here should be 15 

interpreted with caution and, although they are depicted in Figure 1 and 5, this region was excluded 16 

from any quantitative analysis for the 5-HTT and the 5-HT1AR. Similarly, the 5-HTT BPND 17 

distribution within globus pallidus was found to be highly heterogeneous due to partial volume effect 18 

from the caudate, hence this region was also excluded from quantitative analysis for the 5-HTT. 19 

In Vivo Binding and mRNA Levels 20 

Regional binding values were compared to 5-HT receptors and transporter mRNA normalized 21 

expression values from the Allen Human Brain Atlas (Hawrylycz et al., 2012). The atlas contains 22 

probe information from 6 human brains. Each probe is associated with mRNA levels (log2 intensity) 23 

for all genes sequenced, an anatomical label and coordinates in the MNI152 space, as well as many 24 

other parameters. For more details on the material and methods for the Allen Human Brain Atlas, see 25 

the Microarray Survey Technical White papers available at (http://help.brain-26 
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map.org/display/humanbrain/Documentation). mRNA expression values for regions of the Desikan-1 

Killiany cortical atlas were obtained from the work of French and Paus (2015). Each probe of the 2 

Allen Human Brain Atlas was paired to a cortical region using its coordinates in the MNI152 space  3 

and regional expression values were obtained by averaging expression values across probes, and then 4 

by taking the median per regions and finally taking the median across subjects. We used the same 5 

approach to obtain subcortical expression values, however probes were paired to subcortical regions 6 

directly by their anatomical label rather than using their coordinates to identify corresponding regions. 7 

Both binding values and mRNA values were averaged between left and right hemispheres. As above, 8 

the association between binding and mRNA was estimated using a linear regression and Pearson’s 9 

and Spearman’s correlation coefficients were also computed for all association. Dorsal raphe was 10 

excluded from the regression for 5-HTT and 5-HT1AR and the regression was performed for cortical 11 

regions only for the 5-HT2AR. For 5-HT1BR and 5-HT2AR subcortical regions exhibited patterns 12 

distinct from the cortical regions, hence the analysis was stratified between cortical and subcortical 13 

regions for these two targets. 14 

Results 15 

In Vivo Molecular Imaging and Autoradiography 16 

Brain regional BPND values were compared to the corresponding receptor density 17 

measurements from post-mortem autoradiography data from Varnäs et al. (2004) and Bonaventure et 18 

al. (2000) (for 5-HT4R). Figure 1 (A-E) shows the relation between autoradiography 19 

receptor/transporter Bmax from the two studies and PET measures of BPND from the Cimbi database. 20 

For all five targets, we found good to excellent associations between BPND and Bmax, with Pearson’s 21 

correlation coefficients ranging from 0.88 to 0.97 and Spearman’s correlation coefficients ranging 22 

from 0.72 to 0.97. For 5-HTT, the residuals for 5-HTT did not pass the Shapiro-Wilks test for 23 

normality, hence the Pearson’s correlation is not reported for that association. The slope estimates of 24 

the regression were used to transform the BPND atlases into Bmax atlases (Figure 2 and 3), allowing 25 
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for a direct comparison across targets. The regional densities are presented in Figure 4. No global or 1 

regional significant effect of age, gender or their interaction was found. 2 

Receptor Density and mRNA 3 

 The associations between in vivo receptor density, obtained by converting BPND into densities, 4 

and mRNA levels are shown in Figure 5. For the 5-HT1AR, we found excellent correlation between 5 

the protein densities and mRNA levels, with Pearson’s and Spearman’s correlation coefficients of 6 

0.94  and of 0.94, respectively. For 5-HT4, the residuals did not pass the Shapiro-Wilks test for 7 

normality, but we found a moderate Spearman’s correlation coefficient of 0.50. The 5-HT1BR and 5-8 

HT2AR showed a distinctly different pattern compared to other targets, with good Pearson’s 9 

correlation coefficients (0.66 and 0.60, respectively) and weak to moderate Spearman’s correlation 10 

coefficients (0.28 and 0.46) in cortical regions, but there was no statistically significant correlation in 11 

subcortical regions. 12 

DISCUSSION 

We here present the first high-resolution PET- and MR-based in vivo human brain atlas of 13 

four 5-HT receptors and the transporter. The atlas highlights key features of the 5-HT targets; their 14 

spatial distribution and abundance relative to each other. As we identified high correlations with post-15 

mortem autoradiography receptor measurements, the atlas could be calibrated to represent absolute 16 

receptor or transporter densities, thus making the atlas independent of the PET methodology in terms 17 

of choice of radiotracer and modeling approach. Access to such a high-resolution atlas of the 5-HT 18 

system enables scientists not only to evaluate the absolute densities of the individual targets, but also 19 

the relative abundance of protein, and in any brain region of interest. A few caveats with this approach 20 

deserve, however, to be mentioned here. Whereas autoradiography provides a measurement of the 21 

target density, PET returns an outcome measure that is proportional to the density of the target 22 

available for radioligand binding, and the measure most notably depends on the in vivo radioligand 23 

affinity to the target. However, since the occupancy of endogenous 5-HT is low for most targets 24 
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(Paterson et al., 2010) it is unlikely that individual differences in endogenous 5-HT (and thereby in 1 

vivo affinity) would incur any bias.  2 

Although PET imaging offers unique sensitivity and specificity, the intrinsic image resolution 3 

of PET is lower than for MRI. A prior brain 5-HT atlas has been reported based on PET scanners with 4 

a resolution of 4.4 mm and was generated independent of anatomical MRI (Savli et al., 2012). 5 

Leveraging high-resolution structural MRI (~1 mm resolution) in combination with molecular images 6 

acquired with a high-resolution PET scanner with a resolution of 2 mm allows for precise 7 

segmentation of brain regions and accurate inter-subject normalization. The surface-based approach 8 

used in this work has also  been shown to lead to a reduction in bias and variance of PET-derived 9 

measurements (Greve et al., 2013). A main advantage of the surface-based method is to diminish 10 

partial volume effects introduced by smoothing in the volume; smoothing on the surface drastically 11 

reduces the blurring of neighboring tissues with cortical gray matter as well as blurring across 12 

adjacent gyri (Jr et al., 2006). Nevertheless, we still see subtle signs suggestive of partial volume 13 

effects, e.g., bands of lower binding along the medial wall, see Figure 6. Although a partial volume 14 

corrected atlas could be generated, we chose not to do so because methods for partial volume 15 

corrections come with their own set of limitations (Harri et al., 2007) and can lead to different results 16 

depending on the algorithm used (Greve et al., 2016). 17 

Although [11C]Cimbi-36 has been shown to have some affinity for 5-HT2C, these receptors are 18 

mostly limited to the choroid plexus and the hippocampus. Furthermore, binding measures for 19 

[11C]Cimbi-36 have been shown to be very strongly correlated to those of the 5-HT2A antagonist 20 

radiotracer [18F]Altanserin (Ettrup et al., 2016). Hence, any bias caused by the contribution of 5-HT2C 21 

receptors is expected to have minimal impact on the results presented here.  22 

We compared our in vivo imaging atlases to meticulous autoradiography studies of the 23 

relevant 5-HT targets in postmortem human brain slices (Bonaventure et al., 2000; Varnäs et al., 2004). 24 

The postmortem brains in Varnäs et al. (2004) and Bonaventure et al. (2000) were retrieved from 25 

individuals older than those included in our study, with respective mean age of 58 and 55 versus 26 26 
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years in our cohort. Thus, the atlas densities represent those that can be observed in individuals 1 

matching the mean age of the population in the autoradiography studies. Within the current cohort, 2 

we did not observe any significant effect of age or gender within our data, most likely because of the 3 

limited age range of the subjects. Whereas some 5-HT targets, such as  5-HT1BR and 5-HT2AR, are 4 

relatively independent of age others, have been shown to have a pronounced age-dependent decline 5 

and/or sex-differences (Moses-kolko et al., 2011; Nord et al., 2014). Hence, minor data adjustments 6 

may be necessary when relating these atlases to specific research questions. 7 

For all the serotonergic targets, except for the 5-HT1AR (Rizzo et al., 2014), we provide novel 8 

information about the relationship between in vivo molecular imaging in humans and the associated 9 

mRNA levels assessed in postmortem human brain tissue. The relation between the cerebral 5-HT 10 

target densities and their corresponding mRNA levels is of interest as mRNA levels often do not 11 

correspond to their protein levels because protein concentrations depend on the relative rates of 12 

transcription, mRNA decay, translation, and protein degradation (Vogel et al., 2010). Relating the two 13 

measures in brain space generates important information about the gene-protein translation.  A high 14 

spatial correspondence between the two measures suggests that the protein is located on or at least 15 

close to the cell body where the protein synthesis takes place. We found no significant association 16 

between 5-HTT mRNA and 5-HTT density although as expected, both were high in the dorsal raphe 17 

(Figure 5, A). This is consistent with the exclusively presynaptic localization of 5-HTT and hence 18 

primary mRNA localization within raphe nuclei (Hoffman et al., 1998) and 5-HTT protein being 19 

located on terminal projections distant from 5-HT neurons (Zhou et al., 1998). The 5-HTT mRNA 20 

levels were overall low, both relative to the mRNA of other targets and to the 5-HTT protein density. 21 

Consistent with Rizzo et al. (2014), we find a very strong association between 5-HT1AR mRNA and 22 

5-HT1AR protein density as determined with in vivo molecular neuroimaging (Figure 5, B). Rizzo 23 

and colleagues ascribed the tight correlation to a more general feature of the serotonergic system but 24 

here we show that several other serotonergic targets show profound regional differences. We found a 25 

fair association between neocortical 5-HT1BR mRNA and 5-HT1BR density (Figure 5, C) but the 26 
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subcortical regions did not conform to this association. As for the latter, our findings are consistent 1 

with a previous postmortem human brain study where proportionally higher levels of 5-HT1BR 2 

mRNA than protein were found particularly in the ventral striatum, whereas the pallidum which is 3 

the brain region with the highest 5-HT1BR density had low mRNA levels (Varnäs et al., 2005). This 4 

supports the observation  in rodents that 5-HT1BR in pallidum are localized in nerve terminals from 5 

striatal projections (Boschert et al., 1994), that are of GABAergic origin (Ghavami et al., 1999). To 6 

the best of our knowledge, existing literature does not provide evidence about the relative densities 7 

of 5-HT1BR autoreceptors and heteroreceptors in different brain regions but due to the specific pattern 8 

observed here, we speculate that the 5-HT1BR heteroreceptors may be relatively more abundant in 9 

subcortical regions. An interesting pattern of 5-HT2AR mRNA versus 5-HT2AR density emerged: 10 

whereas the neocortical brain regions showed a good, linear correlation, there was no association 11 

between the two measures in subcortical brain regions (Figure 5, D) and the neocortical and 12 

subcortical regions fall in two separate clusters on the graph. The pattern is in agreement with 13 

observations in the macaque monkey brain (López-Giménez et al., 2001) and suggests that the 14 

regulation and role of the 5-HT2AR markedly differs between neocortical and subcortical brain 15 

regions, possibly because the 5-HT2AR in neocortex are located in the apical part of pyramidal 16 

neurons (Jakab and Goldman-Rakic, 2000). In addition, the 5-HT2AR mRNA levels are almost twice 17 

as high compared to the other investigated targets. We speculate that high mRNA levels enable the 18 

system to quickly regulate synaptic 5-HT2AR levels, consistent with the ligand-induced endocytosis 19 

and recycling of 5-HT2AR (Raote et al., 2013). We observed a moderate correlation association 20 

between 5-HT4R mRNA and 5-HT4R protein density (Figure 5, E). This finding is consistent with 21 

data obtained in human , where 5-HT4R mRNA levels and densities where high in caudate, putamen, 22 

accumbens and the hippocampus formation, and were both relatively lower in other brain regions.  23 

Conclusion 24 

We here present a comprehensive PET- and MR-based high-resolution brain atlas of the 25 

serotonin system. By combining the in vivo atlases with postmortem autoradiography measurements, 26 
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we calibrated the individual atlas to represent quantitative protein levels in terms of pmol/ml. 1 

Furthermore, we describe the relation between regional serotonergic target densities and their mRNA 2 

levels, some for the first time in humans. The approach is generally applicable for any molecular 3 

target that can be visualized in vivo by PET. Such publicly available in vivo human brain atlases will 4 

serve as an important resource for neuroscience.    5 

6 
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FIGURES AND TABLE LEGENDS 1 

 2 

Figure 1. Regional BPND and Bmax values for the five 5-HT targets. The regions in the PET image 3 

space were combined to match the regions used by Varnäs et al. (2004) and Bonaventure et al. 4 

(2000) in their autoradiography measurement. The regressions (fixed through 0.0) are shown as 5 

black, dashed lines and the Pearson’s (R) and Spearman’s (S) correlation coefficients are reported; 6 

** indicate p<0.001. Dorsal raphe, median raphe and globus pallidus for 5-HTT and dorsal raphe 7 

for 5-HT1AR were excluded from the regressions and marked with + on the figure, see the Material 8 

& Methods section. 9 

 10 

Figure 2. Average density (Bmax) maps for five 5-HT targets on the common FreeSurfer surface (left 11 

hemisphere; lateral view, upper and medial view, lower). Color scaling was individually adjusted in 12 

order to highlight features of the distributions. 13 
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 1 

Figure 3. Average density (Bmax) maps for the five 5-HT targets in the common MNI152 space 2 

(coronal, upper, z=8mm and sagittal, lower, x=-3mm). Color scaling was individually adjusted to 3 

highlight features of the distributions. 4 
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 1 

Figure 4. Density values (Bmax) of the five 5-HT targets in FreeSurfer defined brain regions. 2 

Median raphe is not reported for 5-HTT due the irreversible kinetic of the TACs, see also the 3 

Material & Methods section. 4 
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 1 

Figure 5. Regional density values (Bmax) and mRNA levels for the five 5-HT targets. Subcortical 2 

data is shown in color and cortical data is shown in black. The regression lines are shown as black 3 

dashed lines and the Pearson’s (R) and Spearman’s (S) correlation coefficients are reported; * and 4 

** indicate p<0.01 and p<0.001, respectively. In panel C and D, a line was fitted to cortical regions 5 

(black) only.  Dorsal raphe, median raphe and globus pallidus for 5-HTT and dorsal raphe for 5-6 

HT1AR were excluded from the regressions and marked with + on the figure, see also the Material 7 

& Methods section. 8 
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 1 

Figure 6. Average density (Bmax) maps for five 5-HT targets on the inflated common FreeSurfer 2 

surface (left hemisphere; lateral view, upper and medial view, lower). 3 
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TABLES 1 

 2 

Table 1. Demographics of the healthy individuals. 3 

Receptor/transporter 5-HTT 5-HT1AR 5-HT1BR 5-HT2AR 5-HT4R 
Radioligand [11C]DASB [11C]CUMI-101 [11C]AZ10419369 [11C]Cimbi-36 [11C]SB207145 
N 100 8 36 29 59 
Gender (M/F) 29/71 3/5 24/12 15/14 41/18 
Age (mean±sd) 25.1±5.8 28.4±8.8 27.8±6.9 22.6±2.7 25.9±5.3 
BMI (kg/m2) 
(mean±sd) 23.2±2.9 22.7±2.6 24.9±4.3 23.4±2.4 23.5±3.3 
Injected dose (MBq) 
(mean±sd) 586.0±32.2 510.5±149.1 585.4±37.4 510.4±109.7 577.1±70.9 
Injected Mass (µg) 
(mean±sd) 1.9±2.2 2.0±1.5 1.2±1.0 0.8±0.5 1.1±0.7 

 4 
 5 
Table 2. PET scanning and realignement parameters. 6 
 7 

Radioligand [11C]DASB [11C]CUMI-101 [11C]AZ10419369 [11C]Cimbi-36 [11C]SB207145 

Scan time (min) 90 120 90 120 120 

Frame lengths 
(number x sec) 

6x10, 3x20, 6x30, 
5x60, 5x120, 
8x300, 3x600 

6x5, 10x15, 4x30, 
5x120, 5x300, 

8x600 

6x10, 6x20, 6x60, 
8x120, 19x300 

6x10, 6x20, 
6x60, 8x120, 

19x300 

6x5, 10x15, 4x30, 
5x120, 5x300, 8x600 

Realigned frames 
(first:last) 

10:36 10:38 13:45 13:45 10:38 

Reference frame 26 26 27 27 26 
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