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Open access post-mortem transcriptome atlases such as the Allen Human Brain Atlas (AHBA) can inform us about 

mRNA expression of numerous proteins of interest across the whole brain, while in vivo protein binding in the 

human brain can be quantified by means of neuroreceptor positron emission tomography (PET). By combining 

both modalities, the association between regional gene expression and receptor distribution in the living brain 

can be approximated. Here, we compare the characteristics of D 2 and D 3 dopamine receptor distribution by 

applying the dopamine D 2/3 receptor agonist radioligand [ 11 C]-( + )-PHNO and human gene expression data. Since 

[ 11 C]-( + )-PHNO has a higher affinity for D 3 compared to D 2 receptors, we hypothesized that there is a stronger 

relationship between D 2/3 non-displaceable binding potentials (BP ND ) and D 3 mRNA expression. To investigate 

the relationship between D 2/3 BP ND and mRNA expression of DRD2 and DRD3 we performed [ 11 C]-( + )-PHNO PET 

scans in 27 healthy subjects (12 females) and extracted gene expression data from the AHBA. We also calculated 

D 2 /D 3 mRNA expression ratios to imitate the mixed D 2/3 signal of [ 11 C]-( + )-PHNO. In accordance with our a 

priori hypothesis, a strong correlation between [ 11 C]-( + )-PHNO and DRD3 expression was found. However, there 

was no significant correlation with DRD2 expression. Calculated D 2 /D 3 mRNA expression ratios also showed a 

positive correlation with [ 11 C]-( + )-PHNO binding, reflecting the mixed D 2/3 signal of the radioligand. Our study 

supports the usefulness of combining gene expression data from open access brain atlases with in vivo imaging 

data in order to gain more detailed knowledge on neurotransmitter signaling. 
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. Introduction 

Increasingly sophisticated neuroimaging methods and data-sharing

nitiatives have furthered the understanding of human brain func-

ion. Using the Allen Human Brain Atlas (AHBA; http://human.brain-

ap.org ) ( Hawrylycz et al., 2012 ), numerous studies investigating the

elationship between structural and functional brain parameters and

he transcriptome were published recently ( Burt, 2018 ; Goel et al.,

014 ; Richiardi et al., 2015 ; Shin et al., 2017 ). Several authors

howed close associations of gene expression levels with in vivo pro-

ein densities, mainly focusing on serotonergic neurotransmitter recep-
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ors ( Komorowski et al., 2017 ; Rizzo et al., 2016 ; Unterholzner et al.,

020 ). Similar to the serotonergic system, dopamine signaling is me-

iated through G-protein-coupled receptors and plays a crucial role

n physiologic and pathologic processes in humans, including neu-

opsychiatric conditions ( Beaulieu and Gainetdinov, 2011 ). To iden-

ify pathophysiological mechanisms within the dopamine system,

ifferent neuroimaging modalities including high-resolution whole-

rain transcriptome maps ( Gryglewski et al., 2018 ) and positron

mission tomography (PET) imaging data of dopamine receptors

an be integrated, extending previous studies on dopamine recep-

ors. Labelled with carbon-11, ( + )-4-propyl-3,4,4a,5,6,10b-hexahydro-

H-naphtho[1,2-b][1,4]oxazin-9-ol ([ 11 C]-( + )-PHNO) ( Wilson et al.,

005 ), a radioligand with full agonistic properties at dopamine D 2/3 

eceptors ( Brown et al., 1997 ) offers an excellent signal-to-noise (SNR)

atio and favourable kinetics for PET imaging in humans ( Ginovart et al.,
t 2020 
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007 ; Jensen et al., 2007 ). Many studies using [ 11 C]-( + )-PHNO have

ocused on schizophrenia ( Graff-Guerrero et al., 2009 ; Mizrahi et al.,

012 ; Mizrahi et al., 2011 ; Mizrahi et al., 2014 ; Suridjan et al., 2013 ;

eidenauer et al., 2020 ), or substance use disorders ( Boileau et al.,

015 ; Boileau et al., 2012 ; Payer et al., 2014 ; Worhunsky et al., 2017 ).

pplying PET, several approaches have been described to determine

he relative affinity of [ 11 C]-( + )-PHNO as well as the regionally dis-

inctive topology of D 2 compared to D 3 receptors, including pharma-

ological and animal studies ( Graff-Guerrero et al., 2009 ). Depending

n G-protein binding, the dopamine D 2 receptor occurs in an intercon-

ertible high- and low-affinity state (D 2 
high vs. D 2 

low ) towards its nat-

ral agonist dopamine, with the high-affinity state being the function-

lly active one ( George et al., 1985 ). In contrast, G-protein binding has

omparably little influence on the affinity of D 3 receptors for dopamine

 Sokoloff et al., 1992 ). Thus, D 3 receptors are assumed to be “locked ”

n the high-affinity state, affecting binding of D 2/3 radiotracers with a

et unknown fraction. It is well supported that [ 11 C]-( + )-PHNO binds

ore to D 2 
high than to D 2 

low ( Nobrega and Seeman, 1994 ; Seeman et al.,

993 ), and PET imaging studies in non-human primates indicate that

n vivo [ 11 C]-( + )-PHNO has a 25-48 fold higher affinity for D 3 over

 2 receptors ( Gallezot et al., 2012 ). Being easily displaced by endoge-

ous dopamine, [ 11 C]-( + )-PHNO is a useful tool for challenge studies

 Ginovart et al., 2006 ; Weidenauer et al., 2020 ; Willeit et al., 2008 ;

illeit et al., 2006 ). Still, although several studies addressed this issue

n animals and humans ( Graff-Guerrero et al., 2010 ; Rabiner et al., 2009 ;

earle et al., 2010 ; Seeman et al., 2007 ; Tziortzi et al., 2011 ), the relative

ontribution of extracellular dopamine, D 2 
high , D 2 

low and D 3 binding to

he [ 11 C]-( + )-PHNO overall signal is insufficiently understood to this

ay. 

In this study, we aimed to contribute to the disentangling of

he [ 11 C]-( + )-PHNO PET signal into the respective fractions of

 2 vs. D 3 receptors by relating subcortical non-displaceable bind-

ng potential (BP ND ) values of healthy human subjects to gene

xpression data obtained from the AHBA and interpolated tran-

criptome maps according to Gryglewski et al. ( Gryglewski et al.,

018 ). 

. Methods 

.1. Participants 

Imaging data were acquired in a larger study investigating

opamine release in healthy subjects and patients with schizophrenia

 Weidenauer et al., 2020 ) (Clinical Trial Registry: EUDRACT 2010-

19586-29). Here, analysis was restricted to healthy participants. All

tudy procedures were approved by the Ethics Committee of the Med-

cal University of Vienna and pertinent federal regulatory authorities.

fter being informed on study procedures and study-related risks, par-

icipants gave written informed consent. Subjects were only included if

hey were free of medical or neurological disorders and if laboratory

r urine tests did not show clinically relevant abnormalities. All par-

icipants refrained from alcohol consumption as well as other medica-

ion before PET imaging. After careful screening, 34 participants were

nrolled into this study from 2012-12-04 to 2017-05-31 at the Depart-

ent of Psychiatry and Psychotherapy, Medical University of Vienna.

even subjects did not enter analysis due to poor data quality, leaving

7 healthy participants ( mean age: 26.22, SD: 2.36, ranging from 22 to

1; 12 females ) for final data analysis. 

.2. [ 11 C]-(+)-PHNO positron emission tomography imaging 

Radiosynthesis of [ 11 C]-( + )-PHNO has been described in detail else-

here ( Rami-Mark et al., 2013 ). PET imaging was performed using

 GE Advance scanner (General Electric Medical Systems, Milwau-

ee, WI, USA). After injection of 315.7 MBq ± 76.2 [ 11 C]-( + )-PHNO,
mission data were obtained over 90 min. Reconstruction of raw data

as performed by filtered-back projection to return dynamic images

ith 15 one min frames and 15 five min frames. The software AFNI

AFNI_17.3.06, NIMH, Bethesda, MD, USA) was used for frame-wise

otion correction and co-registration of average PET images to T1-

eighted magnetic resonance imaging (MRI) data. MRI images were

ormalized to the Montreal Neurological Institute (MNI) space and

ransformation matrices were used for normalization of PET images.

ecay-corrected time activity curves were extracted from dynamic PET

mages using regions of interest (ROIs) from the high-resolution prob-

bilistic in vivo atlas of subcortical nuclei by Pauli et al. ( Pauli et al.,

018 ), which includes the majority of relevant subcortical structures.

 

11 C]-( + )-PHNO BP ND values were calculated using the simplified ref-

rence tissue model 2 (SRTM2) ( Ginovart et al., 2007 ; Wu and Car-

on, 2002 ) as implemented in PMOD software (Version 3.6; PMOD Tech-

ologies Ltd, Zurich, Switzerland). The cerebellum was used as a ref-

rence region, since it is virtually devoid of dopamine D 2/3 receptors

 Camps et al., 1989 ; Hall et al., 1996 ; Levant, 1998 ). 

To test the reliability of local imaging procedures, five male healthy

ubjects ( mean age: 26, SD: 1.1 ) underwent two [ 11 C]-( + )-PHNO PET

cans at least one weak apart. Data were preprocessed and analyzed as

escribed above. Subsequently, test-retest reliability was assessed using

earson Interclass Correlation Coefficients ( Liljequist et al., 2019 ). 

.3. Magnetic resonance imaging 

MRI measurements were conducted on an Achieva 3.0 T (Philips

edical Systems, Best, The Netherlands) or a Magnetom Skyra 3.0 T

canner (Siemens Healthineers, Erlangen, Germany) with a spatial res-

lution of 0.9 × 0.9 × 1.1 mm using comparable acquisition protocols. 

.4. Whole-brain gene expression 

The AHBA comprises up to 3702 microarray samples with a voxel

ize of 2 mm across the whole brain from six healthy subjects ( mean

ge: 42.5, SD: 13.4; one female ). A detailed summary of mRNA data

cquisition and processing was published upon creation of the atlas

 Hawrylycz et al., 2012 ; Shen et al., 2012 ). Within the AHBA, gene ex-

ression values (log2) of the D 2 and D 3 receptor are represented in MNI

pace by 5 and 7 probes, respectively. Out of all available probes for both

eceptors, the median mRNA values were included for further analyses.

RD2 and DRD3 gene expression data were obtained only for subcorti-

al regions in order to perform region-wise analyses in ROIs that show

ufficiently reliable [ 11 C]-( + )-PHNO BP ND and to avoid bias due to dis-

arate gene expression levels between cortical and subcortical regions

 Chen et al., 2016 ; Kirsch and Chechik, 2016 ). Due to the unbalanced

ex distribution of the AHBA, differences in gene expression were not

nalyzed separately for male and female brain donors. 

Original gene expression data were averaged within ROIs and sub-

equently combined into a brain template, including mRNA expres-

ion from all AHBA donor brains. In case of identical sample coor-

inates within the resulting brain template, overlapping mRNA ex-

ression values were averaged beforehand within these voxels. De-

pite widespread anatomical coverage, data prediction from the AHBA

s potentially hampered in small subcortical regions due to sparse

natomical sampling. For compensating this sampling bias, we addi-

ionally obtained interpolated predictions of gene expression for D 2 

nd D 3 receptors from corresponding transcriptome maps recently

ublished by Gryglewski et al. ( Gryglewski et al., 2018 ). Except for

he receptors investigated in this study, further whole-brain transcrip-

ome maps based on Gaussian process regression are available on-

ine at www.meduniwien.ac.at/neuroimaging/mRNA.html for a total of

8,686 genes. 

http://www.meduniwien.ac.at/neuroimaging/mRNA.html
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Table 1 

[ 11 C]-( + )-PHNO binding potentials obtained from 27 healthy subjects and mRNA expression from the Allen Human Brain Atlas are provided within regions-of-interest 

labeled according to Pauli et al. ( Pauli et al., 2018 ). Gene expression values were extracted from interpolated transcriptome maps provided by Gryglewski et al. 

( Gryglewski et al., 2018 ). 

ROI (Pauli) [ 11 C]-( + )-PHNO BP ND D 2 rec. mRNA (log2) D 3 rec. mRNA (log2) 

CAU 1.00 ± 0.16 5.19 ± 0.50 3.85 ± 1.06 

EA 1.61 ± 0.25 4.49 ± 0.20 3.02 ± 0.69 

GP ext. 2.45 ± 0.35 4.45 ± 0.22 2.55 ± 0.59 

GP int. 2.12 ± 0.41 4.23 ± 0.10 2.19 ± 0.33 

HN 0.11 ± 0.05 4.30 ± 0.12 1.83 ± 0.12 

Hypo 0.91 ± 0.16 4.49 ± 0.08 1.97 ± 0.28 

NAc 2.48 ± 0.31 4.40 ± 0.67 3.77 ± 1.46 

PPN 0.49 ± 0.10 4.86 ± 0.12 2.09 ± 0.06 

PUT 1.71 ± 0.22 4.85 ± 0.50 3.13 ± 0.95 

RN 0.38 ± 0.08 4.75 ± 0.09 2.17 ± 0.08 

SNC 0.59 ± 0.11 4.99 ± 0.40 2.12 ± 0.06 

SNR 0.62 ± 0.11 5.00 ± 0.05 2.12 ± 0.07 

VP 3.14 ± 0.45 4.49 ± 0.12 3.95 ± 0.74 

VT 0.56 ± 0.12 4.83 ± 0.13 2.07 ± 0.04 

Legend: ROI: region-of-interest, Pauli: Pauli atlas, CAU: caudate nucleus, EA: extended amygdala, GP ext.: globus pallidus externus, GP int.: globus pallidus internus, 

HN: habenular nuclei, Hypo: hypothalamus, NAc: nucleus accumbens, PPN: parabrachial pigmented nucleus, PUT: putamen, RN: red nucleus, SNC: substantia nigra 

pars compacta, SNR: substantia nigra pars reticulata, VP: ventral pallidum, VT: ventral tegmentum. 
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.5. Statistical analysis 

Statistical analysis was performed using R (Version 3.1.1,

ttp://www.R-project.org/ ). Group-averaged [ 11 C]-( + )-PHNO BP ND 

alues were used for correlation analyses with gene expression data.

riginal mRNA data from the AHBA as well as interpolated expression

alues from whole-brain transcriptome maps were extracted within

orresponding ROIs to allow further correlation with imaging param-

ters. Variability of PET and mRNA data within each brain region

as evaluated in terms of mean and standard deviation values. The

rain atlas by Pauli et al. ( Pauli et al., 2018 ) was used both for brain

arcellation of imaging data as well as for region-wise extraction

f gene expression values. To evaluate possible influences of sex,

 

11 C]-( + )-PHNO BP ND values were also extracted for female and male

ubjects separately. Additionally, the relationship between radiotracer

inding and age was examined to rule out a potentially confounding

ffect, since there is conflicting literature on this topic ( Nakajima et al.,

015 , Matuskey et al., 2016 ). 

To unravel information about binding to D 2 and D 3 receptors from

 

11 C]-( + )-PHNO data, radioligand BP ND were compared with gene ex-

ression values by means of Pearson Product Moment correlation coeffi-

ients after testing for normality using Shapiro-Wilk tests. Additionally,

ssociations were assessed by means of Spearman’s correlation coeffi-

ients. Binding of [ 11 C]-( + )-PHNO to D 2 
low receptors was considered

egligible, leaving D 2 
high and D 3 fractions of [ 11 C]-( + )-PHNO BP ND for

tatistical analysis. Given the mixed D 2/3 signal of [ 11 C]-( + )-PHNO with

 stronger affinity to D 3 receptors, we alternatively estimated the D 3 

atio (D 3 % mRNA) based on gene expression data. D 3 % mRNA was cal-

ulated from the ratio between DRD3 and the sum of DRD2 and DRD3

xpression values (D 3 % mRNA: D 3 /(D 2 + D 3 ) 
∗ 100). 

. Results 

[ 11 C]-( + )-PHNO BP ND values showed the expected binding pattern

escribed earlier ( Willeit et al., 2008 ). Briefly, high radiotracer enrich-

ent was found in the ventral pallidum (BP ND : 3.14 ± 0.45), nucleus ac-

umbens (BP ND : 2.48 ± 0.31), as well as globus pallidus externus (BP ND :

.45 ± 0.35) and internus (BP ND : 2.12 ± 0.41). Likewise, mRNA levels

aried across these brain regions with comparable expression values be-

ween original AHBA and interpolated transcriptome data (see Table 1

nd Fig. 1 ). There was no significant relationship between [ 11 C]-( + )-

HNO BP and age in any of the analyzed regions ( p > 0.05). 
ND 
Data reliability in the test-retest sample according to Pearson inter-

lass correlation coefficients was excellent ( > 0.9) for the caudate and

he putamen, good ( > 0.75) for the extended amygdala, globus pallidus,

abenular nuclei, hypothalamus, mammillary nucleus, nucleus accum-

ens, and moderate ( > 0.5) for the parabrachial pigmented nucleus,

ed nucleus, substantia nigra compacta et reticulata, subthalamic nu-

leus, ventral pallidum and ventral tegmentum. Remarkably, no regions

howed poor reliability ( < 0.5). 

Associations of gene expression data with [ 11 C]-( + )-PHNO BP ND 

ere primarily evaluated by means of Pearson Product Moment corre-

ation coefficients. Correlation analyses using interpolated mRNA data

ielded similar results for all analyses compared to the original AHBA

ata. As hypothesized, DRD3 expression data showed a strong correla-

ion with [ 11 C]-( + )-PHNO BP ND across the whole brain (interpolated:

 = 0.69, p = 0.006; original data: r = 0.71, p < 0.01). Brain areas rich in

 3 receptors showed both high radioligand binding and high mRNA ex-

ression (see Fig. 2 ). In contrast, DRD2 expression showed no significant

orrelation with [ 11 C]-( + )-PHNO BP ND values (interpolated: r = -0.46,

 = 0.1; original data: r = 0.11, p = 0.68). A significant correlation be-

ween [ 11 C]-( + )-PHNO BP ND and D 3 % mRNA was also observed (inter-

olated: r = 0.8, p < 0.01; original data: r = 0.51, p = 0.04), supporting

he D 3 binding preference of [ 11 C]-( + )-PHNO (see Fig. 3 ). The linear as-

ociations were subsequently confirmed by Spearman’s rank correlation

oefficients, which yielded similar results (interpolated: D 3 rho = 0.78,

 = 0.001; D 2 rho = -0.31, p = 0.28; original data: D 3 rho = 0.68,

 = 0.004; D 2 rho = 0.14, p = 0.60). Likewise, separate analyses for

emale and male subjects yielded comparable results, both for the D 3 

female interpolated: r = 0.7, p = 0.005; male interpolated: r = 0.71,

 = 0.004) and D 2 receptor (female interpolated: r = -0.47, p = 0.09;

ale interpolated: r = -0.43, p = 0.13). 

. Discussion 

In this study, we integrated high-resolution gene expression maps

rom the AHBA open-source database with specific molecular informa-

ion on dopamine receptor binding acquired with PET imaging. Our

ain finding is that [ 11 C]-( + )-PHNO BP ND values were strongly corre-

ated with D 3 receptor mRNA expression levels. In contrast, we failed to

bserve a significant correlation for the D 2 receptor. In a next step, we

ntended to mimic the mixed D 2/3 receptor signal of [ 11 C]-(+)-PHNO

y calculating the D 3 mRNA ratio from the sum of DRD3 and DRD2

xpression values. Likewise, the significant correlations reflect a linear

elationship between mRNA expression and agonist radioligand bind-

ng that exists with D 3 but not D 2 receptors. Displaying comparable in

http://www.R-project.org/
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Fig. 1. Statistical parametric maps displaying distribu- 

tions of dopamine D 2 and D 3 receptors. Interpolated gene 

expression patterns (log2) according to Gryglewski et al. 

( Gryglewski et al., 2018 ) are depicted in MNI space 

(x = − 12, y = 10, z = − 10) for both dopamine receptors 

in the upper two panels, while [ 11 C]-( + )-PHNO binding 

(BP ND ) is provided in the lowest panel. 
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f  
itro affinity for D 2 
high and D 3 ( Seeman et al., 1993 ), [ 11 C]-( + )-PHNO,

n vivo, provides a mixed signal composed of binding to D 2 receptors

n high affinity states and D 3 receptors ( Graff-Guerrero et al., 2010 ;

abiner et al., 2009 ; Searle et al., 2010 ; Tziortzi et al., 2011 ). While

trong correlations with D 3 mRNA levels indicate a direct relationship

etween D 3 protein expression and [ 11 C]-( + )-PHNO BP ND values, the

ailure to observe such a relationship with D 2 mRNA levels supports the

otion that G-protein-dependent variations in affinity states are more

elevant for D 2 than for D 3 receptors ( Sokoloff et al., 1992 ). Although al-

ernative explanations such as posttranslational modifications, traffick-

ng processes or a simple lack of power need to be considered, our data

ighlight the relevance of the two-state model for dopamine receptor

unctioning in the living human brain. Thereby, the affinity states of

 2 receptors depend on G-protein coupling ( George et al., 1985 ), which

xplains the weak correlation for [ 11 C]-( + )-PHNO BP ND and overall D 2 

ene expression including a large proportion of D 2 
low receptors. 

In contrast to previous studies evaluating the role of mRNA ex-

ression patterns on PET binding potentials for serotonergic targets

 Komorowski et al., 2017 ; Veronese et al., 2016 ), we now analyzed bind-

ng of a radiotracer that is well established in imaging of the dopamine

ystem. Thereby, the role of D 2 and D 3 receptors in neuropsychiatric

isorders and alterations of dopamine signaling, which is modified by

ortical and other upstream regions, can be assessed by PET imaging

sing [ 11 C]-( + )-PHNO. Our study shows how open-source mRNA ex-

ression data can be utilized to gain further information about specific

rotein targets in humans, surrogating the in vivo topological distribu-

ion. However, a closer investigation in regard to radiotracer binding

nd the molecular effects of gene variants is necessary to fully under-

tand regional protein biosynthesis of dopamine receptors. 

In general, differing correlation coefficients between both dopamine

eceptors might arise from epitranscriptomic modifications or alternat-

ng in vivo conformational states ( Mauer and Jaffrey, 2018 ). E.g. anal-

ses for D 2 receptors, which exist in high and low affinity states, were

omplicated by their varying affinity to [ 11 C]-( + )-PHNO. To overcome
his methodological limitation, human proteomic data comprising func-

ional genetic variants as well as information on transcriptional, trans-

ational and posttranslational mechanisms are needed. Yet, when con-

idering potential epitranscriptomic processes of dopaminergic recep-

ors ( Araki et al., 2007 ; Flagel et al., 2016 ), the noncongruent findings

etween both analyzed dopamine receptors indeed appear to originate

rom receptor-specific binding preferences of [ 11 C]-( + )-PHNO rather

han differing mRNA modifications. The results of this study are, how-

ver, hampered by the fact that post-mortem mRNA expression data

rom the AHBA were obtained in a small number of subjects including

imited transcriptome information from only one female donor and one

emisphere in four out of six sampled brains ( Hawrylycz et al., 2012 ).

pon creation of the atlas, ubiquitous coverage of gene expression sam-

les across the entire brain was prioritized over a balanced donor dis-

ribution. Although separate association analyses with regard to sex,

ge, or ancestry were not possible for mRNA data, these disadvantages

ppear negligible. Notably, the relationship between male and female

 

11 C]-( + )PHNO BP ND and mRNA expression data didn’t show signifi-

ant differences when analyzed separately. Regarding other potential

onfounders, Matuskey et al. have described a decline of the densities

f dopamine receptors with age ( Matuskey et al., 2016 ). While this pre-

ominantly affected D 2 receptor availability rather than D 3 receptors,

ther authors did not oberve age-associated changes in the dopamine

ystem ( Nakajima et al., 2015 ). Even though only participants aged from

2 to 31 were included in this study, the fact that we didn’t find a re-

ationship between age and [ 11 C]-( + )PHNO BP ND indicated a rather in-

ignificant role of age for subsequent correlation analyses. 

Gene expression values based on microarray data often suffer from

ackground and cross-hybridization disturbances ( Maier et al., 2009 ),

omplicating the assumption of comparable absolute mRNA values be-

ween both dopamine receptors. Still, possible differences in absolute

ene expression values between both receptors didn’t impact on the re-

pective correlation analyses with [ 11 C]-( + )-PHNO BP ND that were per-

ormed for each receptor separately. Beside these limitations, we still re-
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Fig. 2. Relationship between [ 11 C]-( + )- 
PHNO BP ND and interpolated mRNA data 

(log2) for A) the D 2 receptor (t = -1.79, 

df = 12, r = -0.46, p = 0.1) and B) the 

D 3 receptor (t = 3.30, df = 12, r = 0.69, 

p = 0.006). Regions-of-interest were la- 

beled according to Pauli et al. ( Pauli et al., 

2018 ). 

Legend: ROI: region-of-interest, Pauli: 

Pauli atlas, CAU: caudate nucleus, EA: ex- 

tended amygdala, GP ext.: globus pallidus 

externus, GP int.: globus pallidus internus, 

HN: habenular nuclei, Hypo: hypotha- 

lamus, NAc: nucleus accumbens, PPN: 

parabrachial pigmented nucleus, PUT: 

putamen, RN: red nucleus, SNC: substantia 

nigra pars compacta, SNR: substantia nigra 

pars reticulata, VP: ventral pallidum, VT: 

ventral tegmentum. 
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t  
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l  

r  
ard the AHBA as an extremely valuable data source for comprehensive

euroimaging studies. To compensate for the incomplete gene expres-

ion coverage of the brain due to sparse sampling of the AHBA within

everal brain regions, we have analyzed interpolated gene expression

ata provided by Gryglewski et al. ( Gryglewski et al., 2018 ) in addition

o the original data. Interpolated expression values of dopaminergic re-

eptors were thereby approximated with a high spatial resolution across

he whole brain. Aside from that, there is still ongoing controversy re-

arding the selection of probes included within the AHBA. Each method,

.g. performing separate analyses for each probe, or averaging all avail-

ble probes, has its advantages and disadvantages ( Arnatkevic ̆i ū t ė et al.,

019 ; Komorowski et al., 2017 ; Veronese et al., 2016 ). By selecting the
edian gene expression value within each brain region, we minimized

ossible bias on our analysis introduced by insensitive probes from the

HBA, yielding representative gene expression values within all ROIs.

onsidering the interpolated data by Gryglewski et al. ( Gryglewski et al.,

018 ), probes were selected by means of a step-wise variogram model-

ng approach, eliminating the least sensitive probes before calculating a

ean value for each mRNA sample. 

In sum, we elucidated the relationship between gene expression and

he mixed imaging signal of [ 11 C]-( + )-PHNO. The results of this study

lso indicate unique transcriptional processes for different brain regions,

eading to characteristic distribution patterns of the D 2 and D 3 dopamine

eceptor with a high variability between brain regions. Notably, neu-
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Fig. 3. Relationship between radiotracer binding and the D3 ratio based on interpolated gene expression data (log2) from both receptors (D 3 % mRNA: 

D 3 /(D 2 + D 3 ) 
∗ 100), approximating the mixed [ 11 C]-( + )-PHNO signal (t = 4.65, df = 12, r = 0.8, p < 0.01). Regions-of-interest were labeled according to Pauli 

et al. ( Pauli et al., 2018 ). 

Legend: ROI: region-of-interest, Pauli: Pauli atlas, CAU: caudate nucleus, EA: extended amygdala, GP ext.: globus pallidus externus, GP int.: globus pallidus internus, 

HN: habenular nuclei, Hypo: hypothalamus, NAc: nucleus accumbens, PPN: parabrachial pigmented nucleus, PUT: putamen, RN: red nucleus, SNC: substantia nigra 

pars compacta, SNR: substantia nigra pars reticulata, VP: ventral pallidum, VT: ventral tegmentum. 
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o  
oimaging studies significantly benefit from gene expression informa-

ion, especially for targets that lack sufficiently specific radiotracers in

umans. Furthering this knowledge might enhance the definition of new

olecular targets for the treatment of neuropsychiatric disorders. 

. Conclusion 

This study supports evidence of differing binding properties of [ 11 C]-

 + )-PHNO to D 2 and D 3 dopamine receptors in different brain regions.

ccording to our data, regional dopamine D 3 receptor mRNA expres-

ion is a more relevant determinant of [ 11 C]-( + )-PHNO binding than

xpression of the D 2 receptor, whose affinity states depend to a greater

egree on G-protein coupling. Overall, combining in vivo imaging and

ost-mortem gene expression data contributes to the understanding of

he [ 11 C]-( + )-PHNO PET signal from a new perspective. 
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