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a b s t r a c t 

Neurotransmitter receptors are key molecules in signal transmission, their alterations are associated with brain 
dysfunction. Relationships between receptors and their corresponding genes are poorly understood, especially 
in humans. We combined in vitro receptor autoradiography and RNA sequencing to quantify, in the same tissue 
samples (7 subjects), the densities of 14 receptors and expression levels of their corresponding 43 genes in the 
Cornu Ammonis (CA) and dentate gyrus (DG) of human hippocampus. Significant differences in receptor densi- 
ties between both structures were found only for metabotropic receptors, whereas significant differences in RNA 

expression levels mostly pertained ionotropic receptors. Receptor fingerprints of CA and DG differ in shapes but 
have similar sizes; the opposite holds true for their “RNA fingerprints ”, which represent the expression levels 
of multiple genes in a single area. In addition, the correlation coefficients between receptor densities and cor- 
responding gene expression levels vary widely and the mean correlation strength was weak-to-moderate. Our 
results suggest that receptor densities are not only controlled by corresponding RNA expression levels, but also 
by multiple regionally specific post-translational factors. 
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. Introduction 

Neurotransmitter receptors are membrane bound proteins or pro-
ein complexes which play vital roles in neuronal signaling transmis-
ion and thus constitute potential drug targets for the treatment of
eurologic and neuropsychiatric disorders ( Groc and Choquet, 2020 ;
illes and Palomero-Gallagher, 2017 ). The central dogma of molecu-
ar biology postulates the major flow for the transfer of genetic in-
ormation from DNA through RNA to protein. However, despite over
wo decades of research, the precise nature of the relationship between
ene and protein/receptor expressions remains elusive particularly in
he human brain, where only a few studies have been performed due to
he limited brain tissue availability, technical challenges and high cost
 Buccitelli and Selbach, 2020 ; Gry et al., 2009 ; Hansen et al., 2022a ,
022b ; Zachlod et al., 2022 ). 

Manifold biological regulation mechanisms drive the relationship
etween gene and protein expression levels in a complex manner
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 Buccitelli and Selbach, 2020 ; Gry et al., 2009 ; Hood and Emeson, 2011 ;
iu et al., 2016 ; Payne, 2015 ; Schulz et al., 2017 ; Vogel and Mar-
otte, 2012 ). Some examples of these mechanisms are the differen-
ial methylation at quantitative trait loci in the human hippocampus
 Schulz et al., 2017 ), or the modification of protein properties by alter-
ative exon selection ( Keren et al., 2010 ). Furthermore, receptor assem-
ly and trafficking ( Fig. 1 ), which are specific features of neurotrans-
itter receptors ( Collingridge et al., 2004 ; Groc and Choquet, 2020 ;
alinow and Malenka, 2002 ; Schwappach, 2008 ; Stephenson et al.,

008 ), make studies of the relationships between RNA expression lev-
ls and receptor densities most challenging. A notable example is the
egulation of the subunit composition of NMDA receptors, encoded by
RIN genes, and trafficking at hippocampal synapses involved in plas-

icity ( Ferreira et al., 2017 ; Paoletti and Neyton, 2007 ). However, dis-
ecting correlations between genetic factors (e.g., gene transcription
nd translation) and receptor distributions in the human brain could
rovide novel insights into understanding the mechanisms of receptor
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Fig. 1. A schematic diagram of the major steps involved in neurotransmitter receptor expression. The expression mechanisms are tightly controlled by gene tran- 
scription, translation, proper protein folding and co-assembly in the endoplasmic reticulum (ER), post-translational modifications, and subsequently trafficking 
to the appropriate membrane surface (on the cell body, dendritic tree or axonal bouton) along the secretory pathway ( Levitz et al., 2016 ; Schwappach, 2008 ; 
Stephenson et al., 2008 ). Thus, the number of functional receptors is the result of several control steps more than those involved in protein synthesis. These ad- 
ditional steps include the complex control of receptor assembly from the single proteins, transport to the required site (trafficking) and dynamic inclusion in the 
cellular membrane. Of the receptors analyzed in the present study, the AMPA, NMDA, kainate, and GABA A belong to the ionotropic category, whereas mGluR2/3, 
M 1 , M 2 , M 3 , 𝛼1 , 5-HT 1A , 5-HT 2 , D 1 , and A 1 are metabotropic. 
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xpressions and span this necessary bridge to further understand the
athogenic mechanisms mediating the effects of genetic risk variants in
eurologic and neuropsychiatric disorders. 

Neurotransmitter receptors are heterogeneously distributed through-
ut the brain, and regional differences in receptor densities can be ana-
yzed among others, by means of in vivo receptor positron emission to-
ography or of quantitative in vitro receptor autoradiography. While the
rst approach can be applied in vivo and is capable to capture dynamic
hanges of receptor binding in healthy and patient subjects, the latter
ethod has the advantage of revealing specific regional and laminar
istribution patterns of multiple receptors within the same brain sam-
le and with a high resolution ( Palomero-Gallagher and Zilles, 2018 ).
urthermore, in vivo neurotransmitter receptor imaging is only accessi-
le for a limited set of receptor types due to both technical and ethical
estrictions, which makes the in vivo visualization and quantification of
ultiple receptors in the same subject extremely difficult ( Khan et al.,
021 ). 

For receptor autoradiography, there is growing interest in compre-
ensively decoding the relationships between receptor densities and
xpression levels of their encoding genes across multiple regions of
he human brain ( Hansen et al., 2022a , 2022b ; Murga š et al., 2022 ;
achlod et al., 2022 ). We recently performed correlation analyses of re-
eptor densities and corresponding genes across 15 areas of the human
rimary and early visual, auditory, somatosensory, and motor cortices,
nd revealed a covariation of receptor densities with areal gene expres-
2 
ion levels ( Zachlod et al., 2022 ). Other studies encompassing 33–38
rchitectonically identified areas spread throughout the cerebral cor-
ex revealed a lack of correlation for most of the analyzed receptor
ypes ( Hansen et al., 2022a ; Murga š et al., 2022 ). However, the spa-
ial resolution of PET may obscure specific findings in single areas, and
he RNA ( Hawrylycz et al., 2012 ) and neurotransmitter receptor data
 Zilles and Palomero-Gallagher, 2017 ) were obtained from different sub-
ects. Inter-subject variability of RNA expression levels and of receptor
ensities superimposed on the effects of age differences may constitute
 natural confounder to explore the relationship between these datasets
 Murga š et al., 2022 ), which cannot be fully overcome and compensated.
ndeed, a pronounced interindividual variability of gene expression in
he human hippocampus has been demonstrated in our previous study
 Schulz et al., 2017 ). 

The hippocampus plays a crucial role in functions including learning
nd memory, spatial navigation and emotion processing ( Zhong et al.,
020 ). Notably, the hippocampus is also a key structure in various neu-
ologic and neuropsychiatric disorders such as epilepsy and Alzheimer’s
isease ( Berger et al., 2020 ; Bernasconi et al., 2003 ; Bernhardt et al.,
016 , 2015 ; Blümcke et al., 2013 ; Debski et al., 2020 ; Hogan et al.,
004 ; Thom, 2014 ). The hippocampus consists of the dentate gyrus (DG)
nd the Cornu Ammonis (CA, with the CA1-CA3 regions) ( Palomero-
allagher et al., 2020 ). They are parts of the Papez circuit, which was
roposed as the neuroanatomical substrate of emotion and memory
 Aggleton et al., 2016 ; Papez, 1937 ). Information reaches the DG from
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he entorhinal cortex through the perforant pathway, is transferred via
ossy fibers to the CA3 region, and then via Schaffer collaterals to the
ajor hippocampal output structure, the CA1, which in turn mainly
rojects back to the entorhinal cortex either directly or via the subicu-
um ( van Strien et al., 2009 ). Neurotransmitters play a central role in this
ircuit and trafficking of their receptors is involved in the synaptic plas-
icity which mediates memory consolidation, i.e., the transfer of infor-
ation from short-term to long-term memory ( Collingridge et al., 2004 ;
roc and Choquet, 2020 ; Malinow and Malenka, 2002 ; Zhong et al.,
020 ). 

Previous studies have provided detailed insights into the regional
nd laminar distribution patterns of multiple neurotransmitter re-
eptors in the human hippocampal regions ( Biegon et al., 1982 ;
alomero-Gallagher et al., 2020 ; Perry et al., 1993 ; Szot et al., 2005 ;
remblay et al., 1985 ). The hippocampal expression patterns of genes
oding for these neurotransmitter receptors or for their subunits have
lso been described ( Hawrylycz et al., 2015 , 2012 ; Szot et al., 2005 ).
urthermore, Vogel et al. (2020) performed a transcriptome-wide
creening along the longitudinal axis of the human hippocampus by us-
ng human gene expression data and macroanatomical labels from the
llen Human Brain Atlas ( Hawrylycz et al., 2012 ), and found a region-
lly specific anterioventral-posteriodorsal gradient of gene expression
rofiles. However, no studies have systematically and comprehensively
nalyzed the relationship between the densities of multiple classical
eurotransmitter receptors and the expression levels of their encoding
enes in the hippocampus. Since many neurologic and neuropsychiatric
isorders such as epilepsy and Alzheimer’s disease are associated with
oth a genetic predisposition and an altered balance in the densities of
ultiple receptors ( Graebenitz et al., 2011 ; Khan et al., 2021 ; Palomero-
allagher et al., 2012 ; Selkoe, 2001 ; Symonds et al., 2017 ), elucidating

he relationship between gene expression levels and receptor densities
ould deepen our understanding of the pathogenesis of such diseases,
nd provide insights into the specific link between disease-associated
enes and the disease itself. 

Specific cyto- and receptor architecture as well as gene expres-
ion patterns have been related to differences in cortical function
 Amunts and Zilles, 2015 ; Burt et al., 2018 ; Zilles and Palomero-
allagher, 2017 ). Thus, our study aimed to simultaneously quantify the
ensities of 14 neurotransmitter receptors and the expression levels of
heir 43 encoding genes separately for the DG and CA hippocampal re-
ions in tissue from the same brain samples, and then map the relation-
hips between the ensuing receptor densities and expression levels of
he corresponding genes. 

. Materials and methods 

.1. Tissue collection and processing 

We obtained six hippocampus samples from the Netherlands Brain
ank in accordance with ethical and legal declarations ( Klioueva et al.,
018 ) and one sample through the body donor program in compliance
ith the Ethics Committee of the Department of Anatomy, University
f Düsseldorf, Germany. All donors (71 ± 15 years of age; 5 females; 2
ales; European origin) did not have a history of neurologic or psychi-

tric disease, and the postmortem delay of autopsy (postmortem inter-
al) was less than 5 h. 

Since chemical fixation alters the physiological properties of recep-
or subunits, it affects the specific and nonspecific receptor binding,
nd consequently results in density measurements that do not reflect
he true receptor concentrations ( Palomero-Gallagher and Zilles, 2018 ;
illes et al., 2002 ). Therefore, unfixed brain tissue was shock-frozen in
sopentane at − 40 °C immediately after autopsy and stored until further
rocessing in air-tight plastic bags at − 80 °C to protect it from freeze-
rtifacts. 

After quality control by visual examination, the hippocampus sam-
les were serially sectioned coronally by means of a cryostat micro-
3 
ome (Leica CM3050 S) at around − 20 °C. For each subject’s sample, the
rst three series of 20 μm sections, each comprising a total of 20 sec-
ions, were collected for receptor autoradiography and cell-body stain-
ng. Then, 10 sections, each 60 μm thick, were obtained for RNA isola-
ion and quantification (Supplementary Fig. S1). Finally, three further
eries of 20 μm sections, also comprising a total of 20 sections each, were
ollected for receptor autoradiography and cell-body staining. Each sec-
ion destined to the visualization of receptor or cell body distribution
atterns was thaw-mounted onto a pre-cooled, silanized glass slide upon
ectioning, then air dried and stored in air-tight plastic bags at − 80 °C
ntil further processing. For each section collected for analysis of RNA
xpression, the CA and DG regions were dissected inside the cryotome
ith a scalpel upon sectioning, then each region (CA/DG) was sepa-

ately transferred to a tube filled with QIAzol Lysis Reagent (Qiagen,
ilden, Germany) and stored at − 80 °C until further RNA extraction in
ne batch to ensure the same experimental conditions for all samples. 

.2. Quantitative in vitro receptor autoradiography 

Alternating sections were processed for visualization and quantifica-
ion of 14 different neurotransmitter receptor binding sites by means
f quantitative in vitro receptor autoradiography according to previ-
usly published protocols and quality controls ( Palomero-Gallagher and
illes, 2018 ; Zilles et al., 2002 ), or for the visualization of cell bodies by
eans of a modified silver cell body staining procedure ( Merker, 1983 ).
ll sections collected for the visualization of cell bodies or of a given re-
eptor type were processed together. Thus, within a given modality, we
ould ensure the same experimental conditions for all samples. Histo-
ogically processed sections served to confirm the delineation of the CA
nd DG regions in the receptor autoradiographs. Supplementary Table
1 provides a list of the analyzed receptors together with their classi-
cation based on type and mechanism of action, as well as the corre-
ponding binding protocols. 

The receptor binding procedure encompassed a preincubation step to
ehydrate sections, a main incubation step with a tritiated ligand known
o bind specifically to one of the targeted receptor types, and a washing
tep to rinse off residual tritiated ligand. For each targeted receptor type
nd in parallel with the main incubation to detect the total binding of
ach tritiated ligand, which was carried out with five sections per sam-
le, an additional section per sample was incubated with the tritiated
igand plus a non-labeled specific displacer to determine the proportion
f the non-displaceable (i.e., non-specific) binding. Specific binding is
he difference between total and non-specific binding. However, since
on-specific binding was found to be less than 5% of the total bind-
ng sites (see below for details), the latter was defined here as specific
inding. 

The radioactively labeled sections were exposed against tritium-
ensitive films together with plastic standards of known concentra-
ions of radioactivity for 9 to 15 weeks (Supplementary Table S1)
nd the ensuing autoradiographs were digitized with a CCD camera
nd processed densitometrically for the analysis of receptor densities
 Palomero-Gallagher and Zilles, 2018 ; Zilles et al., 2002 ). In short,
ransformation curves, calculated based on the plastic standards, were
sed to indicate the relationship between gray values in the autoradio-
raphs and receptor densities (fmol/mg protein) in the tissue ( Palomero-
allagher and Zilles, 2018 ; Zilles et al., 2002 ). Images were subse-
uently linearized by means of the transformation curves. For visual-
zation purposes, these linearized images were smoothed, contrast en-
anced, and pseudo-color coded in a spectral order to optimize visualiza-
ion of regional and laminar receptor distribution patterns. Finally, the
n-house-developed software AnaRec ( Impieri et al., 2019 ) was used to
uantify the receptor densities in architectonically identified hippocam-
al CA and DG regions in both the sections processed for visualization
f total binding sites and those for identification of non-specific bind-
ng. Depending on section quality (e.g., presence of technically related
rtifacts such as tears or folds), total binding was quantified in 3–5 sec-
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Fig. 2. Neurotransmitter receptors and 
their corresponding genes. Comprehen- 
sive list of the neurotransmitter receptors 
and their corresponding genes analyzed 
in the present study. Colors have been 
used not only to differentiate receptors 
by their effect (excitatory or inhibitory) 
and mechanisms of action (ionotropic or 
metabotropic), but also to highlight the sig- 
nificant results of our statistical analyses. 
Names highlighted in red or blue indicate 
significant differences in receptor densities 
or gene expression levels between the CA 

and DG regions after partial Bonferroni cor- 
rection ( Scholtens et al., 2014 ). Further in- 
formation is provided in Supplementary Ta- 
bles S3 and S4. 
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ions per receptor type and sample. The mean densities of all 14 recep-
ors were visualized for the DG and CA separately in a polar-coordinate
lot, and the resulting graph constitutes the “receptor fingerprint ” of the
egion in question ( Zilles et al., 2002 ). 

Based on their mechanisms of action, neurotransmitter receptors
re classified into ionotropic and metabotropic receptors ( Hall and
all, 2020 ). Ionotropic receptors consist of different subunits, and each

ubunit is encoded by a single gene, so that an ionotropic receptor
s jointly encoded by a composition of multiple genes ( Fig. 1 ). Con-
ersely, metabotropic receptors are monomeric structures and thus
nly encoded by one gene, which were further selected to perform
cross-gene correlation analysis. Of the receptor types analyzed here,
MPA, NMDA, kainate, GABA A , and GABA A /BZ are ionotropic recep-

ors, whereas mGluR2/3, M 1 , M 2 , M 3 , 𝛼1 , 5-HT 1A , 5-HT 2 , D 1 and A 1 
re metabotropic receptors (Supplementary Table S1). However, since
he ligands used to label the mGluR2/3 and the 𝛼1 receptors are sub-
ype non-specific antagonists, it was necessary to analyze all encoding
enes in parallel for these two metabotropic receptors. Fig. 2 provides
n overview of the neurotransmitter receptors analyzed in the present
tudy and their corresponding genes. 

.3. RNA isolation and quantification 

The processing of tissue and RNA was done by the same experimenter
n one batch for all samples at the core NGS Core Facility of the Uni-
4 
ersity of Bonn, Germany. For each of the subjects, tissue samples from
he CA or DG regions were placed in different tubes filled with QIAzol
olution to lyse the tissue and protect the isolated RNA from degrada-
ion. All subsequent steps were performed simultaneously for all probes,
o ensure the same experimental conditions for all samples. Then, each
ysate was resuspended with a filter-tipped pipette to dissolve remaining
ragments. Subsequently, the samples were aliquoted into portions re-
ecting about 20 mg tissue and stored at − 80 °C until isolation. Finally,
otal RNA was isolated using the Qiagen miRNeasy Micro Kit (Qiagen,
ilden, Germany) according to the manufacturer instructions. 

Quality control of total RNA was performed using a TapeStation (Ag-
lent, Santa Clara, USA). Libraries for sequencing were prepared using
he QuantSeq 3 ′ mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen,
ienna, Austria) in accordance with manufacturer instructions. Reads
ere sequenced on a HiSeq 2500 V4 (Illumina, San Diego, USA). Ap-
roximately 16 million single-reads of 100 bp length were obtained per
ample library. 

The quantification of RNA samples was performed using the Lexogen
uantSeq pipeline implemented in the Partek® Flow® Genomic Anal-
sis Software, with small modifications. Briefly, trimmed reads were
ligned to the hg38.p13 reference index using STAR - 2.7.3a (devia-
ion from default settings: filtering BySJout; max. read mapping 20;
ax. mismatches 999; mismatch mapped ratio 0.1; min. intron size 20;
in. spliced alignment overhang 8; min. annotated spliced alignment

verhang 1). Aligned reads were quantified using Partek E/M against
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g38.p13 - Ensembl Transcript release 103. Read counts for each gene
ere normalized to counts per million (CPM). One DG sample was iden-

ified as an outlier in principal component analysis and excluded from
urther analysis (Supplementary Fig. S2). For differential gene expres-
ion analysis, gene counts were normalized using trimmed mean of M
alues (TMM) ( Robinson and Oshlack, 2010 ). 

Based on information provided by the human gene database
 https://www.genenames.org/ ), 47 receptor encoding genes were iden-
ified and selected for further analysis. During quality control of RNA-
eq data, four genes ( GRIN3B, GABRP, GABRR1 , and GABRR3 ) were
xcluded for further analyses ( Fig. 2 ). The mean expression levels of the
3 analyzed receptor encoding genes were visualized for the DG and
A separately in the form of a polar-coordinate plot. Analogous to the
eceptor fingerprint, this resulting graph provides a region-specific ex-
ression profile of multiple genes, i.e., the “RNA fingerprint ” of the area
n question. 

.4. Statistical analysis of receptor densities and gene expression levels 

Differences in receptor densities and gene expression levels between
A and DG were analyzed with a non-parametric permutation test
10,000 permutations) ( Nichols and Holmes, 2002 ). A partial Bonfer-
oni correction method was used to control for multiple comparisons
n a relatively conservative way, while still keeping enough sensitivity
 Scholtens et al., 2014 ). Specifically, the receptor densities (fmol/mg)
nd normalized RNA counts were separately used for decomposing and
rocessing with principal component analyses (PCA), the four first prin-
ipal components together were found to explain 95% of receptor and
orresponding gene data, respectively (Supplementary Table S2). Thus,
he p value threshold of multiple comparisons correction for each data
as set at 0.0125 (0.05/4). Unless otherwise specified, only corrected
 values are described in the results section. To ensure the replicability
nd robustness of the above analyses, a leave-one-observation-out cross-
alidation (LOOO 

–CV) approach ( Schurger et al., 2010 ) was performed
y repeating the analyses while one observation data was removed from
he corresponding dataset at a time to determine if the result would re-
ain significantly different. Furthermore, the effect size and statistical
ower were also calculated ( Charan and Kantharia, 2013 ; Cohen, 1992 ).

In addition, for further comparison of the variability of RNA expres-
ions in hippocampal regions from different subject sample, the RNA
xpression differences between CA and DG were analyzed using data
btained from the Allen Human Brain Atlas ( Hawrylycz et al., 2015 ,
012 ). We used the JuGEx tool, which integrates RNA expression data
n the Allen Human Brain Atlas with cytoarchitectonic probability maps
rom the Julich-Brain Atlas ( Amunts et al., 2020 ) to extract the necessary
ata ( Bludau et al., 2018 ). A detailed description of this procedure was
ublished in Bludau et al. (2018) , and summarized here in the section
upplementary Material and Methods. 

The relationship between the density of each receptor type and the
xpression level of the corresponding gene or subunit gene was analyzed
cross subjects (within-gene correlation analysis) with a Spearman rank
orrelation ( r ), which is more robust to outliers than Pearson’s correla-
ion ( Schober et al., 2018 ). Specifically, 7 data points, each represent-
ng one of the analyzed samples, were used for calculating the correla-
ion in CA, however 6 data points were used in DG as one DG sample
ad been identified as an outlier in RNA isolation and quantification
nd excluded from further analysis. The r value threshold of moderate
trength of the correlation was set at 0.4/ − 0.4 ( Schober et al., 2018 ),
nd the p value threshold of multiple correction was also set at 0.0125.
n addition, the mean correlation coefficients were calculated based on
he different conditions, e.g., mean correlation strength in the entire
ippocampus, the CA, or the DG, respectively. For cross-validating the
orrelation coefficient ( r ), the LOOO 

–CV method was conducted by re-
eating the correlation analysis while one subject data was removed at
 time, and then the mean correlation coefficient ( r Looo-cv ) was calcu-
ated. Furthermore, we performed an across-gene correlation analysis
5 
ith the partial metabotropic receptors and their corresponding genes
eparately in the CA and DG regions, and the detailed information was
rovided in Supplementary Fig. S3. 

In addition, the Spearman correlation coefficient was used as a dis-
ance parameter in a multidimensional scaling analysis (MDS) ( Cox and
ox, 2008 ) to map the relationship pattern of the ionotropic receptors
nd their corresponding subunit genes. 

. Results 

.1. CA and DG differ in their receptor and RNA fingerprints 

In the human hippocampus, the analyzed receptors present distinct
egional and laminar distribution patterns ( Fig. 3 ). The densities of
MPA, mGluR2/3, GABA A /BZ, 𝛼1 , and 5-HT 2 receptors are higher in
G than in CA, and the opposite holds true for the NMDA, GABA A ,
-HT 1A , and A 1 receptors, thus resulting in receptor fingerprints of
omparable sizes, but very different shapes for the CA and DG regions
 Fig. 4 A). However, only the differences in 𝛼1 , 5-HT 1A , 5-HT 2 , and A 1 
etabotropic receptor densities were statistically significant and con-
rmed by the validation analysis ( Fig. 2 and Supplementary Table S3).
ithin CA, the CA1 region presents the highest densities of most of the

nalyzed receptors, with the notable exception of the kainate, 𝛼1 , and
-HT 2 receptors, which are present at higher concentrations in CA3 than
n CA1 ( Fig. 3 ). 

In contrast to the situation described for the receptor fingerprints,
he corresponding RNA fingerprints of the CA and DG regions differ in
ize, but are similar in shape, indicating that both hippocampal regions
iffer in their absolute gene expression levels, but not in the balance in
he expression levels of the analyzed genes ( Fig. 4 B). The DG presents
ignificantly higher GRIA1 and GRIA2 (for the AMPA receptor); GRIN2A

NMDA); GRIK4 and GRIK5 (kainate); GABRA2, GABRA4, GABRA5,

ABRB1, GABRB3, GABRG2 , and GABRQ (GABA A and GABA A /BZ);
HRM3 (M 3 ); as well as ADRA1A and ADRA1B ( 𝛼1 ) expression lev-
ls than does CA ( Fig. 2 and Supplementary Table S4). Significantly
ower gene expression levels in DG than in CA were found only for
he kainate encoding gene GRIK1 and the M 2 encoding gene CHRM2 .
hus, we identified 17 genes showing significantly different expression

evels between CA and DG regions. The results of the validation anal-
sis underline the reproducibility of these statistical findings concern-
ng region-specific differences (Supplementary Table S4). In addition,
ABRA6, GABRE , and GABRR2 present extremely low gene expression

evels (Supplementary Table S4), thus they were excluded in the fur-
her relationship analyses between receptors and corresponding genes.
nterestingly, a comparable analysis using the edited Julich-Brain maps
o precisely select independent RNA data from the Allen Human Brain
tlas only revealed a few significantly higher gene expression levels

n DG than in CA, and no significantly lower gene expression levels
ere found in DG than in CA (Supplementary Table S5). Specifically,
e only found the expression levels of GRIA4, GRIK2, GRM2, GABRB3 ,
nd ADRA1A to be significantly higher in DG than in CA (Supplementary
able S5). 

Of particular interest is the fact that significant differences in re-
eptor densities were found only for metabotropic receptors, but sig-
ificances in encoding gene expressions mostly pertained to ionotropic
eceptors. Furthermore, only the 𝛼1 receptor shows both significantly
igher receptor densities and encoding gene expression levels in DG than
n CA. Interestingly, although 5-HT 1A , 5-HT 2 , and A 1 receptor densities
n CA and DG differed significantly from each other, no significances
ere found for the expression levels of their different encoding genes
 Fig. 2 and Supplementary Tables S3 and S4). Taken together, these
esults point at a poor covariation expression phenomenon between en-
oding genes and corresponding receptors in the hippocampus, i.e., for
ost of the receptors analyzed here differences in their densities be-

ween the CA and DG regions do not match the differences between
hese regions in the expression levels of the corresponding genes. 

https://www.genenames.org/
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Fig. 3. Regional and laminar distribution patterns of cell bodies (cytoarchitecture) and of neurotransmitter receptors (receptor architecture) in the human hippocam- 
pus. The CA1-CA3 subregions of CA are delineated with dashed lines. Color scales code for receptor densities in fmol/mg protein. Abbreviations: CA1-CA3, regions 
1–3 of Cornu Ammonis ; and DG, dentate gyrus. 
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.2. Correlations between receptor densities and encoding gene expression 

evels 

For the within-gene correlation analysis, the correlation coefficients
etween receptors and their corresponding genes vary widely from neg-
tive to positive, with − 0.8286 and 0.9286 being the extreme values
Supplementary Table S6). The results of the LOOO 

–CV present a high
imilarity with the above described statistical findings, which further
rove their reproducibility and robustness (Supplementary Table S6).
owever, the mean correlation coefficients are poor for CA (0.09) and
G (0.20). Furthermore, we computed this measure for the entire hip-
ocampus, which yielded a value of 0.15. Considering some receptors
ith many subunits or subtype may weigh heavily the calculation of the
ean correlations, we provide two alternative strategy for cross verifi-

ation. (1) Assigning each receptor with the mean correlation by aver-
ging the correlation coefficients between receptor density and its main
ubunit genes (Supplementary Tables S6 and S7), the mean correlation
6 
oefficients are 0.16 for CA, 0.11 for DG, and 0.14 for hippocampal for-
ation. (2) Averaging the main subunit gene expressions for a given re-

eptor type for each subject before running the within-gene correlation
nalysis, the mean correlation coefficients are 0.15 for CA, 0.12 for DG,
nd 0.14 for hippocampal formation; we further found a poor congru-
nt receptor-gene alignment between CA and DG (Supplementary Fig.
3A and Table S8). Taken together, these results indicate that the mean
orrelation coefficients for the entire hippocampal formation ranging
rom 0.14 to 0.15 represent the high reliability. In contrast, the results
f the across-gene correlation analysis with the partial metabotropic re-
eptors and their corresponding genes reveal a high correlation in both
A (0.57) and DG (0.71) (Supplementary Fig. S3B). Moreover, we aver-
ged main subunit gene expressions of all subjects to a receptor, then an-
lyzed across-gene correlation analysis with the 14 receptors and found
 high robustness results in both CA (0.60) and DG (0.64). 

After filtering the moderate-to-strong correlation strength (0.4–1.0)
etween receptors and their respective encoding genes revealed by the
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Fig. 4. Fingerprints of receptor and corresponding gene in the human hippocampus. (A) Receptor fingerprints depict the mean densities (thick black line indicates 
the standard deviation) of all 14 analyzed receptors in the CA and DG regions. (B) Corresponding RNA fingerprints depict the mean expression levels (thick black 
line indicates the standard deviation) of all 43 analyzed genes in the CA and DG regions. Note, to facilitate visualization of low RNA counts, we have expanded the 
scale range. The order of receptor and corresponding gene types is identical with Fig. 2 . The underlying data are provided in Supplementary Tables S3 and S4, and 
made freely available to the neuroscientific community via the EBRAINS platform (DOI to be released upon publication). 
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ithin-gene correlation analysis, the CA and DG regions display differ-
ntial patterns both in positive and negative correlations ( Fig. 5 ). Specif-
cally, the DG region presented a higher number of high-strength corre-
ations with corresponding receptors than did the CA region (24 vs. 15
enes, respectively, out of the 43 genes analyzed) (Supplementary Ta-
le S9). Interestingly, there was an overlap between the genes showing
igh-strength correlations and the genes which were found to be ex-
ressed at significantly different levels in the CA and in the DG regions,
hereby the ratio of overlapping genes was larger for CA (10/15) than

or DG (9/24) (Supplementary Fig. S4). 
For the moderate-to-strong correlation strength, the only positive

orrelations present in both CA and DG are those of NMDA with GRIN1 ,
7 
GluR2/3 with GRM3 , and GABA A with GABRG2 ( Fig. 5 ). In addition,
A and DG show no common correlation patterns concerning the neg-
tive correlation coefficients ( Fig. 5 ). Interestingly, we found a higher
umber of correlations between receptors and their encoding genes in
G than in CA. Furthermore, in the CA region we mainly found high-

trength correlations between ionotropic receptors and their encoding
enes ( Fig. 5 A), whereas in the DG we also found high-strength positive
nd negative correlations for multiple metabotropic receptors ( Fig. 5 B).
inally, in CA we found more positive high-strength correlation coeffi-
ients for the GABA A receptor than for the GABA A /BZ binding site, and
he opposite holds true for the DG region ( Fig. 5 ), although these two
inding sites for GABA share the same encoding genes. 



L. Zhao, T.W. Mühleisen, D.I. Pelzer et al. NeuroImage 273 (2023) 120095 

Fig. 5. Correlation patterns of receptor densities and corresponding gene expression levels in the human hippocampus. (A) Correlations in the CA region. (B) 
Correlations in the DG region. For both regions the positive correlations are shown in the left plot and negative ones in the right plot. The ribbons show the corre- 
lation coefficient at moderate-to-strong strength (0.4–1.0), while the gray lines indicate the correlation coefficient at weak strengths (0.0–0.4). Further information 
concerning correlation coefficients is provided in Supplementary Table S6. 
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.3. Multidimensional scaling analysis 

The correlation coefficients between genes and corresponding re-
eptors were found to be significant in the case of the AMPA re-
eptor with GRIA2 and GABA A with GABRG2 in the CA region, as
ell as for NMDA with GRIN2D and GABA A /BZ with GABRD in the
G region (Supplementary Table S6). However, only the correlation
oefficient between the AMPA receptor and GRIA2 in CA remains
ignificant after partial Bonferroni correction ( Fig. 6 A). Interestingly,
he MDS revealed opposing relationships between the AMPA recep-
or and its encoding subunit genes in the CA and DG regions, since
n CA GRIA2 presented the strongest and GRIA4 the weakest corre-
8 
ation coefficients with AMPA, whereas the opposite holds true for
G ( Fig. 6 B). 

. Discussion 

We analyzed the regional densities of 14 neurotransmitter receptors
nd expression levels of their corresponding 43 encoding genes in the
A and DG hippocampal regions from the same brain samples. Neuro-
ransmitter receptor densities presented distinct regional and laminar
istribution patterns, and the CA and DG also differed in their gene ex-
ression levels. Significant differences in receptor densities between CA
nd DG were found only for metabotropic receptors, but in encoding
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Fig. 6. Relationships between the AMPA recep- 
tor and corresponding genes in the human hip- 
pocampus. (A) Significant correlation coefficient 
between AMPA receptor density and GRIA2 ex- 
pression level in CA but not in DG. Plots depict- 
ing the relationships between all other analyzed 
receptors and their corresponding genes are pro- 
vided in Supplementary Fig. S5. (B) Multidimen- 
sional analyses (MDS), based on the Spearman rank 
correlation coefficients between the AMPA recep- 
tor and its corresponding subunit genes, reveal op- 
posite distribution patterns of relationships in CA 

and DG regions. Further information concerning 
MDS between other analyzed receptors and their 
corresponding subunit genes is provided in Supple- 
mentary Fig. S6. 
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2  
ene expressions mostly for ionotropic receptors. Furthermore, the re-
eptor fingerprints of the CA and DG regions differ in shape but have a
imilar size, however the opposite holds true for the RNA fingerprints.
hese results provide evidence that expression levels of encoding genes
nd densities of the corresponding receptors do not covariate, which
as further characterized by their correlation analyses. The correlation

oefficients between receptors and their encoding genes vary widely
n strength, and the mean correlation coefficient only presents a weak
trength. It is worth noting that a significant correlation was found only
or AMPA and GRIA2 in the CA region, and the relationships between
he AMPA receptor and its corresponding subunit genes display diamet-
ically opposite trends in CA and DG. 

Functional differentiation of the cortex has been correlated with
pecific regional differences in cytoarchitecture, receptor architecture
nd gene expression levels ( Amunts and Zilles, 2015 ; Burt et al., 2018 ;
awrylycz et al., 2015 , 2012 ; Zilles and Palomero-Gallagher, 2017 ). The
istinctive regional and laminar receptor distribution patterns of hip-
ocampal regions in the present study are in accordance with our previ-
us research ( Palomero-Gallagher et al., 2020 ), however to the best of
ur knowledge this is the first report of differential expression levels of
orresponding receptor-encoding genes in the CA and DG regions from
he same brain. The densities of the 14 analyzed receptor types and the
xpression levels of the 43 corresponding genes were visualized for each
egion as its receptor fingerprint and RNA fingerprint, respectively. Fin-
erprints depict the region-specific balance of multi-receptor densities
r gene expressions and thus reveal the locally specific neurochemical or
ranscriptional organization at the receptor or gene level, respectively.
nterestingly, receptor fingerprints of the CA and DG regions differ in
hape but have a similar size, but the opposite holds true for the RNA
9 
ngerprints. Thus, CA and DG regions present a comparable balance in
he expression levels of the analyzed genes, but not in the densities of
he receptors they encode. These differences suggest a poor covariation
etween genes expression levels and receptor densities in the CA and
G regions, which was further verified by the correlation analyses. 

This poor covariation phenomenon could be partially explained
y the complex gene-encoding-receptor expression mechanisms
 Levitz et al., 2016 ; Payne, 2015 ; Schwappach, 2008 ; Stephenson et al.,
008 ), which can result in nuanced relationships between different
eceptor types and their encoding genes. The complexities of regulation
echanisms are governed by gene transcription, translation, proper
rotein folding and co-assembly in the endoplasmic reticulum, post-
ranslational modifications, and subsequent trafficking to the target
embrane surface along the secretory pathway ( Fig. 1 ), as well as

y remarkably different degradation rates for mRNA (minutes) and
rotein/receptor (hours to years) and different tissue situation between
ostmortem and alive ( Buccitelli and Selbach, 2020 ; Payne, 2015 ).
he complexity of biological regulation mechanisms seems to make
he relationship between receptors and corresponding genes unpre-
ictable ( Buccitelli and Selbach, 2020 ; Payne, 2015 ). In accordance
ith this assumption, our results strongly suggest that in the human
ippocampus region-specific receptor densities cannot simply be de-
ived from the expression levels of corresponding genes, as reflected
y their widely varying correlation coefficients. Furthermore, the
ean correlation coefficient for the entire hippocampus ( r = 0.36)

ased on within-gene correlation analysis is weak and consistent with
he correlation coefficients between genes and proteins reported in
revious studies ( Battle et al., 2015 ; Gry et al., 2009 ; Vogel et al.,
010 ; Zhang et al., 2014 ). In contrast, the across-gene correlation
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nalyses display relatively high correlations in CA ( r = 0.57) and DG
 r = 0.71), which further provide evidence for the fact that across-gene
orrelations are generally higher than within-gene correlations as the
ariation between genes largely exceeds the variation within genes
 Buccitelli and Selbach, 2020 ; Fortelny et al., 2017 ). It is worth noting
hat only one previous study performed across-gene correlation analysis
etween mRNA and protein expression levels in human brain tissue,
nd described a moderate correlation ( r = 0.54, r 2 = 0.29) ( Wang et al.,
019 ). This relatively low r 2 value means that the variability in mRNA
evels explains less than 30% of the variability in protein levels in
uman brain tissue ( Wang et al., 2019 ). This is in agreement with pre-
ious studies ( de Sousa Abreu et al., 2009 ; Schwanhäusser et al., 2011 ;
ogel et al., 2010 ; Vogel and Marcotte, 2012 ), which demonstrated

hat around 40% of the variation in protein concentration may be ex-
lained by knowing mRNA abundances by using mammalian cell lines.
ultiple post-transcriptional, translational, and protein degradation

egulations play critical roles in contributing to explain the remaining
ore than 60% of the variation ( Buccitelli and Selbach, 2020 ; Liu et al.,
016 ; Schwanhäusser et al., 2011 ; Vogel et al., 2010 ; Vogel and
arcotte, 2012 ). The relatively low explanatory power (2%) in the

resent study not only arises from the fact that we performed a
ithin-gene correlation analysis, which generally yields lower values

han across-gene analyses ( Buccitelli and Selbach, 2020 ), but also from
he important fact that mechanisms governing receptor expression
re even more complex than those of proteins, since they additionally
nvolve, e.g. receptor assembly and trafficking steps ( Levitz et al., 2016 ;
chwappach, 2008 ; Stephenson et al., 2008 ). Taken together, gene
xpression levels in the CA and DG regions cannot be directly used as
roxies for receptor densities in the respective hippocampal regions. 

Interestingly, the range of correlation coefficients between receptors
nd their corresponding genes varied widely depending on the combina-
ion of receptor type and hippocampal region. Furthermore, the genes
resenting moderate-to-strong correlations with corresponding recep-
ors in CA have a striking overlap with the genes which display sig-
ificantly different expression levels when comparing CA with DG. Im-
ortantly, we also demonstrated a differential pattern of high-strength
orrelation between receptor densities and expression levels of their re-
pective encoding genes in the CA and DG regions. This different ex-
ression pattern between CA and DG regions may closely associate with
heir respectively specific principal cell types, physiological properties,
nd regional functional differentiation. The DG region, with its cellular
ayer consisting of granule cells, is the primary gateway of the trisy-
aptic loop, and plays a crucial role in code transformation between
ortical afferents and the hippocampus, as well as in pattern separation
 Acsády and Káli, 2007 ; Dieni et al., 2016 ). The CA region, with its pyra-
idal cell layer, possesses an unusual autoassociative memory network

n the CA3 region and displays extensive interconnectivity among the
A3, CA2, and CA1 regions, which is critical for short-term and long-
erm potentiation ( Acsády and Káli, 2007 ). Its unique synaptic plasticity
nderlying learning and memory occurs dynamically in the CA and DG
egions, which necessarily requires the high participation of specific re-
eptor trafficking ( Collingridge et al., 2004 ; Groc and Choquet, 2020 ;
alinow and Malenka, 2002 ). Therefore, the different high-correlation

atterns in CA and DG may imply that the receptor expression mecha-
isms are not only controlled by genetic information, but also associated
ith specific physiological properties of different cell types as well as
ith modifications of regional functional differentiation. 

Concerning the AMPA receptor and its corresponding subunit genes,
he hippocampus is enriched with GluA1, GluA2, and GluA3 receptor
ubunit expression, while it has a lower GluA4 expression ( Yadav et al.,
017 ). This is in agreement with the expression levels we demonstrated
ere for the corresponding genes. Interestingly, the AMPA receptor and
ts corresponding subunit genes present completely opposite distribu-
ion patterns in the CA and DG regions. It is worth noting that there
s a significant positive correlation between the AMPA receptor den-
ity with GRIA2 subunit gene expression level in the CA region. Previ-
10 
us studies have demonstrated that the pyramidal cells of the CA re-
ion express AMPA receptors predominantly composed of the GluA2
ubunit, which is encoded by GRIA2 , in complex with either GluA1 or
luA3 subunits ( Greger et al., 2017 ; Haselmann et al., 2018 ). In addi-

ion, the GluA2 subunit regulates the critical biophysical properties of
he AMPA receptor, strongly impacts receptor assembly and trafficking,
nd plays critical roles in synaptic transmission and long-term synap-
ic plasticity ( Greger et al., 2017 ; Haselmann et al., 2018 ; Isaac et al.,
007 ). Thus, the expressions of GluA2 and encoding gene GRIA2 can be
electively changed in response to specific pattern stimuli at different
egional synapses ( Haselmann et al., 2018 ; Yadav et al., 2017 ). These
ndings further indicate that the relationships between gene expression

evels and receptor densities are mediated and modified by multiple
ost-translational specific-regional factors ( Battle et al., 2015 ). 

Surprisingly, we observed some differences in gene expression levels
etween data obtained from our brain samples and data derived from
he Allen Brain. This could be explained in part by the fact that dif-
erent approaches were used to obtain the tissue/cell samples for RNA
xtraction, which resulted in the analysis of different cellular popula-
ions. Samples from the Allen Brain were obtained by “laser ablation ”
pecifically from the granular layer of the DG and from the pyramidal
ayer of the CA region. Thus, these samples contained the cell bodies of
he main neuronal types of these two regions, i.e., of granular and pyra-
idal cells, respectively. In contrast, we obtained our RNA expression

evels from homogenates of the DG and CA regions. The DG homogenate
ncompassed the molecular, granular, and polymorph layers of the fas-
ia dentata, as well as the CA4 region, while the CA homogenate con-
ained the oriens, pyramidal, radiatum and lacunosum-molecular layers
f the CA1-CA3 regions and the lucidum layer of CA3. Since the overall
ellular organization of the DG and CA regions is more complex than
itherto thought and hippocampal layers differ in their cellular compo-
ition ( Yao et al., 2021 ), each of these homogenates not only contained
ell bodies of the principal neuronal type of each region, but also those
f other cell types such as the radiatum giant cells or ivy cells in the
adiatum layer ( Gulyás et al., 1998 ; Somogyi et al., 2012 ), the neurogli-
form, Cajal-Retzius, or RADI cells of the lacunosum-molecular layer
 Fuentealba et al., 2010 ), or the oriens-lacunosum-moleculare interneu-
on of the oriens layer ( Klausberger et al., 2003 ). 

The present study provides novel insights into the relationships
etween neurotransmitter receptor densities and expression levels of
orresponding genes by analyzing tissue acquired from the same
rain samples. Thus, we have overcome the limitation of previous
tudies which analyzed gene ( Hawrylycz et al., 2012 ) and receptor
 Zilles and Palomero-Gallagher, 2017 ) data obtained from different
onors ( Hansen et al., 2022a ; Murga š et al., 2022 ; Zachlod et al., 2022 ).
owever, there are a few other limitations to note. The first one is the

ather small sample size due to the constraints resulting from the scarcity
f human brain samples adequately fulfilling the technical require-
ents for autoradiography (e.g., unfixed fresh brain tissue ( Palomero-
allagher and Zilles, 2018 )) and RNA quantification (e.g., postmortem

nterval ( Lipska et al., 2006 )). Of note, all tissue samples were processed
n one batch to minimize potential bias through technical factors. The
esults of the effect size, statistical power, and cross validation con-
rmed the robustness and reliability of our findings. Given the relatively
mall sample size, follow-up analyses using additional non-overlapping
amples would be required to further support our findings. Another
echnically-related limitation arises from the fact that the available ra-
ioligands cannot specifically label the subunits of ionotropic receptors
r, in some cases, distinguish different subtypes of partial metabotropic
eceptors ( Murga š et al., 2022 ). For example, [ 3 H]-LY 341,495 labels
oth the mGluR2 and the mGluR3 receptors ( Johnson et al., 1999 ), or
 

3 H]-prazosin does not distinguish between 𝛼1 subtypes ( Zilles et al.,
991 ). These issues motivate the development of novel ligands for the
isualization of specific receptor subtypes, as well as of advanced meth-
ds to specifically identify the subunits of ionotropic receptors. A fur-
her limitation in the chosen approach for gene expression analysis is
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hat 3 ′ mRNA-Seq reads mostly map to the last exon of genes and are
hus not suited to determine transcript isoform expression ( Ma et al.,
019 ), which might be differentially regulated between hippocampal
egions ( Park and Farris, 2021 ). Moreover, the present analysis has tar-
eted the CA-region as a whole, although it can be further subdivided
nto areas CA1, CA2 and CA3, which differ in their receptor architec-
ure, e.g. regarding the densities of AMPA, GABA A and GABA B receptors
 Palomero-Gallagher et al., 2020 ). These regionally specific differences
n densities may have an influence on the rather weak correlation found
ere. Such a combination into one region was necessary, however, since
t is not possible to accurately identify and dissect the CA1, CA2 and CA3
egions on cryosections inside the cryotome. Finally, spatial transcrip-
omics would conserve the spatial information of cells within a tissue
nd would display gene expression profiles of individual cells, which
rovide a powerful method for the further study. 

Concluding, using data obtained from the same brain samples, we
ould demonstrate that the regional-specific densities of neurotrans-
itter receptors and expression levels of their corresponding genes

how a poor covariation in the human hippocampal CA and DG re-
ions. Correlation coefficients between receptors and their correspond-
ng genes vary widely depending on the different combinations between
he receptor-gene types and the hippocampal regions. These data sug-
est that receptor expression is not only controlled by the correspond-
ng RNA levels, but also mediated and modified by regionally specific
unctional differentiation, as well as by other multiple post-translational
actors. Finally, the neurotransmitter receptor and corresponding gene
ata from the same brain samples constitute a valuable open resource
or future studies and are made available via the EBRAINS platform
 https://doi.org/10.25493/6BT0-BB1 ). 
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Supplementary Material 

Supplementary Material and Methods: 

Comparison of gene expression using data from the Allen Human Brain Atlas 

To follow-up results of receptor encoding genes, RNA expression differences between CA and 

DG were analyzed using JuGEx (Bludau et al., 2018), a freely accessible tool (https://www.fz-

juelich.de/inm/inm-1/jugex) based on scripts coded in MATLAB (version R2018b, 64 bit; The 

MathWorks) which integrates regional RNA data from samples of the Allen Human Brain Atlas 

(Hawrylycz et al., 2015; Hawrylycz et al., 2012) with three-dimensional cytoarchitectonic 

probability maps from the Julich-Brain Atlas (Amunts et al., 2020), whereby the donor data do 

not overlap between both atlas systems. 

Since tissue samples obtained via the Netherlands Brain Bank only encompassed an 

approximately 1 cm slab taken from the rostral third of the hippocampal body, we modified the 

cytoarchitectonic probability maps of the CA1-CA3 and DG regions (Palomero-Gallagher et al., 

2020) to create volumes of interest (VOI) comparable in location and extent to that of the tissue 

from which we obtained our receptor density and gene expression data. For the CA-VOI, the 

probability maps of the CA1-CA3 regions from both hemispheres were merged, and the ensuing 

volume was cropped in the rostral and caudal directions to create a slab located in the rostral 

third of the hippocampal body. For the DG-VOI, the DG probabilistic map was also cropped in the 

rostral and caudal directions to match the rostro-caudal extent of the CA-VOI. We used a 

semantic filter within the JuGEx tool to eliminate the possibility that both maps used the same 

tissue block. For CA we used the Allen Human Brain Atlas terms: “CA1 field”, “CA2 field “and “CA3 

field”. DG includes the Allen Human Brain Atlas labels: “CA4 field” and “dentate gyrus”. Our 

adjusted CA-VOI included 13 tissue samples from 5 brains of the Allen Human Brain Atlas, and 

the adjusted DG-VOI encompassed 5 tissue samples from three brains. The spatial assignment of 

https://www.fz-juelich.de/inm/inm-1/jugex
https://www.fz-juelich.de/inm/inm-1/jugex


tissue samples to the CA- and DG-VOIs was manually checked using the “3D visualization” GUI of 

JuGEx (Supplementary Fig. S7). 

The differential expression of a receptor-subunit encoding gene was defined as a significantly 

higher expression (z-score) in CA-VOI compared to DG-VOI. To address all transcript isoforms 

of a gene represented by the Allen Atlas, analyses were performed using JuGEx’s “all-probes 

mode”. We considered a p-value smaller than 0.05 as a significant difference between the z-

scores of tissue samples in the CA- and DG-VOIs. The nominal p-values from the n-way analysis 

of variance (ANOVA) were corrected for multiple comparisons by a partial Bonferroni correction 

method (Scholtens et al., 2014). 

 

  



Supplementary Fig. S1. Schematic representation of the experimental setup followed in the 
present study. 

 

 

Supplementary Fig. S2. Overall sample similarity was analyzed using principal component 

analysis (PCA) of normalized gene counts (CPM, log2-transformed). One sample was identified 
as an outlier and was excluded from further analysis. 
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Supplementary Fig. S3. (A) Poor congruent receptor-gene alignment between DG and CA. X-
axis is correlation between each receptor density and corresponding gene expression level in CA 
and Y-axis is that in DG. The receptor name in figure represents the correlation coefficient 
between receptor density and corresponding gene expression level. The correlation was 
computed by first averaging the main subunit gene expressions for a given receptor type for each 
subject (Supplementary Table S7) before running the within-gene correlation analysis. The 
ensuing correlation coefficients are provided in Supplementary Table S8. (B) Relationships 
between RNA expression levels and receptor densities across metabotropic receptor encoding 
genes in CA and DG, respectively. The mean densities of metabotropic receptors and expression 
levels of corresponding genes were provided in Supplementary Tables S3 and S4.  
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Supplementary Fig. S4. Venn diagram shows the overlapping genes between the 17 genes 
showing significantly different expression levels between CA and DG (G-CA/DG subset), the 15 
genes presenting high-strength correlations with corresponding receptors in CA (G/R-CA 
subset), and the 24 genes with high-strength correlations in DG (G/R-DG subset). More detailed 
information of these genes is presented in Supplementary Table S9. Abbreviation: G, gene; R, 
receptor. 
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Supplementary Fig. S5. Relationships between the densities of each of the analyzed receptor 
types and the expression levels of their corresponding genes in the human Cornu Ammonis (CA) 
and dentate gyrus (DG). 
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Supplementary Fig. S5 (continued). 
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Supplementary Fig. S5 (continued). 
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Supplementary Fig. S5 (continued). 
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Supplementary Fig. S6. Multidimensional analyses (MDS) based on the Spearman rank 
correlation coefficients between the different analyzed receptor types (each represented by the 
black circle) and their corresponding genes. 
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Supplementary Fig. S6 (continued). 
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Supplementary Fig. S7. 3D visualization of the gene expression analysis using JuGEx in a ventral 
view (left panel) and a lateral view (right panel). For example, the expression level of gene GRIA2 
was analyzed between the adapted CA region (in red) and the adapted DG region (in blue). 
Investigated tissue samples are represented by spheres in CA and crosses in DG. RNA expression 
levels are indicated by z-scores showing ranges between maximal (green) and minimal values 
(pink). 
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Supplementary Table S1. Protocols for receptor autoradiography. 

Transmitter Receptor 
(type/ 
mechanism) 

Ligand# 
(L, KD, Sa) 

Property/ 
Exposure-
time 

Displacer Incubation buffer Pre- 
incubation 

Main  
incubation 

Final rinsing 

Glutamate AMPA 
(io / ex) 

[3H]-AMPA 
(9.92/10.0/55.7) 

Agonist 
(15 
weeks) 

Quisqualate 
(10 µM) 

50 mM Tris-acetate  
(pH 7.2) [+ 100 mM 
KSCN]* 

3 x 10 
min, 
4 °C 

45 min,  
4 °C 

1) 4 x 4 sec, 4 °C 
2) Acetone/glutaraldehyde 
(950 ml + 50 ml), 2 x 2 sec, 
22 °C 
 

NMDA 
(io / ex) 

[3H]-MK-801 
(3.6/3.3/25.2) 

Antagonist 
(12 
weeks) 

(+)MK-801 
(100 µM) 

50 mM Tris-HCl (pH 7.2)  
+ 50 µM Glutamate 
[+30 µM Glycine  
+ 50 µM Spermidine]* 
 

15 min,  
4 °C 

60 min, 
22 °C 

1) 2 x 5 min, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 

Kainate 
(io / ex) 

[3H]-Kainate 
(9.9/12.0/46.9) 

Agonist 
(12 
weeks) 

SYM 2081  
(100 µM) 

50 mM Tris-citrate (pH 
7.1) [ +10 mM Ca2+-
acetate]* 

3 x 10 
min,  
4 °C 

45 min,  
4 °C 

1) 3 x 4 sec, 4 °C 
2) Acetone/glutaraldehyde 
(950 ml + 50 ml), 2 x 2 sec, 
22 °C 
 

mGluR2/3 
(me / ex) 

[3H]-LY 341,495 
(1.13/4.0/60.0) 

Antagonist 
(10 
weeks) 

L-Glutamate 
(1 mM) 

10 mM Phosphate buffer 
(pH 7.6) [+ 100 mM 
KBr]* 

2 x 5 min, 
22 °C 

60 min,  
4 °C 

1) 2 x 5 min, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 
 

GABA GABAA 

(io / in) 
[3H]-Muscimol 
(8.5/7.7/25.2) 

Agonist 
(12 
weeks) 

GABA 
(10 µM) 

50 mM Tris-citrate (pH 
7.0) 

3 x 5 min,  
4 °C 

40 min,  
4 °C 

1) 3 x 3 sec, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 
 

GABAA/BZ 
(io / in) 

[3H]-Flumazenil  
(0.96/2.0/81.5) 

Antagonist 
(9 weeks) 

Clonazepam  
(2 µM) 

170 mM Tris-HCl (pH 
7.4) 

15 min,  
4 °C 

60 min,  
4 °C 

1) 2 x 1 min, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 
 

Acetylcholine M1 

(me / ex) 
[3H]-Pirenzepine 
(7.84/3.0/83.8) 

Antagonist 
(12 
weeks) 

Pirenzepine 
dihydrochloride 
(2 µM) 

Modified Krebs-Buffer  
(pH 7.4) 

15 min,  
4 °C 

60 min,  
4 °C 

1) 2 x 1 min, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 
 

M2 

(me / in) 
[3H]-Oxotremorine-M 
(1.73/0.8/82.0) 

Agonist 
(15 
weeks) 

Carbachol 
(10 µM) 

20 mM HEPES-Tris (pH 
7.5) + 10 mM MgCl2 x 
6H2O 

20 min, 
22 °C 

60 min, 
22 °C 

1) 2 x 2 min, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 
 

M3 

(me / ex) 
[3H]-4-DAMP 
(1.0/0.2/83.0) 

Antagonist 
(9 weeks) 

Atropine sulfate 
(10 µM) 

50 mM Tris-HCl (pH 7.4)  
+ 0.1 mM PMSF  
+ 1 mM EDTA x 2H2O 

15 min, 
22 °C 

45 min, 
22 °C 

1) 2 x 5 min, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 
 

Noradrenaline α1 

(me / ex) 

[3H]-Prazosin 
(0.22/0.2/77.4) 

Antagonist 
(15 
weeks) 

Phentolamine 
Mesylate  
(10 µM) 

50 mM Na/K-phosphate 
buffer (pH 7.4) 

15 min, 
22 °C 

60 min, 
22 °C 

1) 2 x 5 min, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 
 

Serotonin 5-HT1A 

(me / in) 
[3H]-8-OH-DPAT 
(0.97/2.0/162.0) 

Agonist 
(15 
weeks) 

5-Hydroxy- 
Tryptamine 
(1 µM) 

170 mM Tris-HCl (pH 
7.7) [+ 4 mM CaCl2 x 
2H2O 
+ 0.01% Ascorbate]* 

30 min, 
22 °C 

60 min, 
22 °C 

1) 1 x 5 min, 4 °C 
2) Distilled water, 3 x 1 dips, 
4 °C 
 

5-HT2 

(me / ex) 
[3H]-Ketanserin  
(1.38/0.5/60.0) 

Antagonist 
(15 
weeks) 

Mianserin HCl 
(10 µM) 

170 mM Tris-HCl (pH 
7.7) 

30 min, 
22 °C 

120 min, 
22 °C 

1) 2 x 10 min, 4 °C 
2) Distilled water, 3 x 1 dips, 
4 °C 
 

Dopamine D1 

(me / ex) 
[3H]-SCH 23390 
(1.62/0.14/83.2) 

Antagonist 
(15 
weeks) 

SKF 83566 
(1 µM) 

50 mM Tris-HCl (pH 7.4) 
+ 120 mM NaCl  
+ 5 mM KCl  
+ 2 mM CaCl2 x 2H2O  
+ 1 mM MgCl2 x 6H2O  

[+1 µM Mianserin]* 
 

20 min, 
22 °C 

90 min, 
22 °C 

1) 2 x 10 min, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 

Adenosine A1 

(me / in) 
[3H]-DPCPX+Gpp(NH)p 
(0.95/0.5/137.0) 

Agonist 
(10 
weeks) 

R-PIA 
(100 µM) 

170 mM Tris-HCl (pH 
7.4) 
+ 2 Units/l Adenosine 
deaminase  
[+ 100 µM Gpp(NH)p]*  
 

15 min,  
4 °C 

120 min, 
22 °C 

1) 2 x 5 min, 4 °C 
2) Distilled water, 1 x 1 dip, 
4 °C 

# For the ligand, we provide information concerning the free concentration of the specific ligand during incubation 
(L, nM), the equilibrium dissociation constant of the specific ligand (KD, nM), and the specific activity of the specific 
ligand (Sa, Ci/mmol). * shows the chemical only included in the main incubation. Abbreviation: io, ionotropic; me, 
metabotropic; in, inhibitory; and ex, excitatory. 
 

  



Supplementary Table S2. Principal component analyses (PCA) for the receptor density and 
RNA expression data, respectively. 

Receptor density data  RNA expression data 

Components  Explained variance (%)  Components  Explained variance (%) 

1  51.9753  1  70.5633 

2  27.9094  2  11.5469 

3  12.2648  3  8.7426 

4  5.8245  4  4.3352 

5  1.5413  5  1.6529 

6  0.2647  6  1.4272 

7  0.1453  7  0.6182 

8  0.0456  8  0.4958 

9  0.0177  9  0.2552 

10  0.0094  10  0.1820 

11  0.0011  11  0.1181 

12  0.0006  12  0.0626 

13  0.0002     
The PCA were performed separately for the receptor density and RNA expression data, the four first principal 
components together were found to explain 95% of the variance from receptor and corresponding gene data, 
respectively.  



Supplementary Table S3. Analysis of receptor density differences between CA and DG regions. 

Receptors  Receptor density (fmol/mg)  LOOO-
CV 

p-value Effect size Statistical 
power  CA  DG  

AMPA  603.71 ± 47.37  635.43 ± 68.49  0/14 0.3234 0.5386 0.1207 
NMDA  4226.6 ± 534.6  3870.1 ± 157.0  0/14 0.1155 0.9046 0.3133 
Kainate  604.00 ± 72.25  571.71 ± 82.71  0/14 0.4387 0.4158 0.0806 
mGluR2/3  3182.0 ± 1102  4188.0 ± 1316  0/14 0.1411 0.8288 0.2649 
GABAA  5701.3 ± 1136  5025.3 ± 803.2  0/14 0.2134 0.6871 0.1858 
GABAA/BZ  5120.0 ± 901.4  6579.5 ± 961.9  1/12 0.0220 0.6578 0.1715 
M1  593.14 ± 51.06  589.43 ± 57.20  0/14 0.8990 0.0685 0.0202 
M2  205.43 ± 25.02  189.14 ± 25.14  0/14 0.2577 0.6494 0.1676 
M3  807.29 ± 111.7  763.71 ± 37.29  0/14 0.3667 0.5232 0.1151 
α1  1058.6 ± 216.4  3432.1 ± 425.6  14/14   0.0009* 7.0309 1.0000 
5-HT1A  3621.7 ± 409.8  1783.1 ± 363.3  14/14   0.0009* 4.7481 1.0000 
5-HT2  464.71 ± 34.58  551.71 ± 69.88  14/14   0.0062* 1.5782 0.7804 
D1  363.00 ± 41.39  379.57 ± 46.61  0/14 0.4776 0.3759 0.0700 
A1  2888.6 ± 298.5  2141.9 ± 309.1  14/14   0.0015* 2.4574 0.9922 

Uncorrected p-values are shown. * indicates p values that remain significant after partial Bonferroni correction. The 
densities of GABAA/BZ binding sites in one sample were outlier and excluded from further analysis. The LOOO-CV 
(leave-one-observation-out cross-validation) column provides information concerning the ratio of number of 
remaining significances to repeating number to assess the robustness of p-value. The small, medium, and large levels 
of the effect size are 0.2, 0.5, 0.8 respectively (Cohen, 1992). The threshold of effective statistical power is usually 
set at 0.8 (Charan and Kantharia, 2013).  



Supplementary Table S4. Analysis of receptor-encoding gene expression between CA and DG 
regions. 

Receptors  Genes  Gene expression level LOOO-CV p-value Effect 
size 

Statistical 
power   CA  DG 

AMPA  GRIA1  94.09 ± 27.92  176.1 ± 18.41 13/13   0.0021* 3.4088 1.0000 
  GRIA2  301.1 ± 55.48  407.4 ± 31.31 13/13   0.0058* 2.3075 0.9742 
  GRIA3  101.9 ± 23.76  110.6 ± 13.02 0/13 0.4453 0.4440 0.0803 
  GRIA4  31.92 ± 5.567  34.03 ± 4.385 0/13 0.4526 0.4163 0.0732 
NMDA  GRIN1  64.92 ± 12.99  60.84 ± 12.59 0/13 0.5574 0.3183 0.0517 
  GRIN2A  165.4 ± 37.80  222.7 ± 23.68 9/13   0.0086* 1.7827 0.8422 
  GRIN2B  352.2 ± 99.71  491.6 ± 50.77 1/13 0.0170 1.7173 0.8121 
  GRIN2C  20.35 ± 3.444  19.04 ± 4.608 0/13 0.5606 0.3260 0.0532 
  GRIN2D  2.957 ± 0.897  2.270 ± 0.600 0/13 0.1386 0.8849 0.2708 
  GRIN3A  5.279 ± 2.448  3.340 ± 1.409 1/13 0.1135 0.9490 0.3102 
Kainate  GRIK1  24.22 ± 6.864  14.34 ± 3.219 5/13   0.0081* 1.7925 0.8463 
  GRIK2  19.98 ± 3.480  23.42 ± 1.606 1/13 0.0507 1.2323 0.5056 
  GRIK3  3.443 ± 2.204  1.380 ± 0.662 0/13 0.0379 1.2224 0.4985 
  GRIK4  9.136 ± 1.387  13.82 ± 2.066 13/13   0.0018* 2.7061 0.9961 
  GRIK5  21.85 ± 6.211  39.23 ± 8.573 13/13   0.0043* 2.3549 0.9789 
mGluR2/3  GRM2  1.840 ± 1.299  3.947 ± 1.026 2/13 0.0139 1.7814 0.8416 
  GRM3  57.97 ± 18.68  35.51 ± 4.996 1/13 0.0210 1.5815 0.7395 
GABAA  GABRA1  107.7 ± 26.33  84.95 ± 11.95 0/13 0.0796 1.0814 0.3985 
and  GABRA2  73.00 ± 20.55  110.7 ± 14.46 13/13   0.0073* 2.0916 0.9404 
GABAA/BZ  GABRA3  60.55 ± 17.99  45.41 ± 7.024 1/13 0.0851 1.0735 0.3930 
  GABRA4  23.90 ± 5.853  32.45 ± 1.993 13/13   0.0024* 1.8870 0.8831 
  GABRA5  48.30 ± 13.06  87.55 ± 16.80 13/13   0.0028* 2.6380 0.9945 
  GABRA6  0.013 ± 0.034  0.175 ± 0.225 2/13 0.0323 1.0541 0.3797 
  GABRB1  60.89 ± 4.831  76.79 ± 6.715 13/13   0.0018* 2.7575 0.9971 
  GABRB2  217.5 ± 50.09  188.9 ± 47.07 0/13 0.3121 0.5865 0.1257 
  GABRB3  114.1 ± 22.15  175.8 ± 17.67 13/13   0.0027* 3.0510 0.9995 
  GABRD  36.60 ± 16.55  55.52 ± 19.15 0/13 0.0822 1.0641 0.3865 
  GABRE  0.600 ± 0.352  0.432 ± 0.161 0/13 0.3353 0.5977 0.1299 
  GABRG1  30.86 ± 5.441  34.50 ± 7.640 0/13 0.3346 0.5560 0.1147 
  GABRG2  100.2 ± 14.84  146.7 ± 19.19 13/13   0.0012* 2.7455 0.9969 
  GABRG3  11.49 ± 1.774  9.562 ± 2.329 0/13 0.1184 0.9428 0.3063 
  GABRQ  6.454 ± 2.084  34.44 ± 9.217 13/13   0.0012* 4.3706 1.0000 
  GABRR2  0.230 ± 0.184  0.178 ± 0.184 0/13 0.6192 0.2808 0.0449 
M1  CHRM1  20.10 ± 7.087  25.00 ± 3.858 0/13 0.1625 0.8368 0.2429 
M2  CHRM2  1.343 ± 0.493  0.373 ± 0.161 13/13   0.0032* 2.5512 0.9915 
M3  CHRM3  51.67 ± 6.518  71.09 ± 10.42 13/13   0.0031* 2.2797 0.9711 
α1  ADRA1A  1.864 ± 0.340  7.403 ± 2.937 13/13   0.0012* 2.7754 0.9973 
  ADRA1B  6.293 ± 3.684  26.79 ± 16.99 13/13   0.0012* 1.7409 0.8233 
  ADRA1D  7.790 ± 3.712  8.997 ± 2.645 0/13 0.4971 0.3689 0.0620 
5-HT1A  HTR1A  11.46 ± 6.075  7.367 ± 2.664 0/13 0.1653 0.8461 0.2482 
5-HT2  HTR2A  24.95 ± 7.721  13.99 ± 5.995 1/13 0.0255 1.5679 0.7315 
D1  DRD1  3.246 ± 1.707  1.725 ± 0.533 1/13 0.0215 1.1601 0.4539 
A1  ADORA1  28.74 ± 6.761  33.49 ± 7.890 0/13 0.2596 0.6508 0.1512 

RNA data derived from the same tissue regions (same donors) as were used for the analyses of receptor density 
differences. GABAA and GABAA/BZ share the same encoding genes. Uncorrected p-values are shown. * indicates p 
values that remain significant after partial Bonferroni correction. The LOOO-CV (leave-one-observation-out cross-
validation) column provides information concerning the ratio of number of remaining significances to repeating 
number to assess the robustness of p-value. The small, medium, and large levels of the effect size are 0.2, 0.5, 0.8 
respectively (Cohen, 1992). The threshold of effective statistical power is usually set at 0.8 (Charan and Kantharia, 
2013). 
  



Supplementary Table S5. Comparable analysis of receptor encoding gene differences between 
CA and DG regions using the JuGEx tool and Allen Human Brain Atlas data (Hawrylycz et al., 2015; 
Hawrylycz et al., 2012). 

Receptors  Genes  Genes expressions  p-value 
  CA  DG  

AMPA  GRIA1  2.0243  2.6950  0.0706 
  GRIA2  1.3036  1.7287  0.2695 
  GRIA3  0.9565  1.0245  0.6043 
  GRIA4  -1.8673  -0.5178    0.0004* 
NMDA  GRIN1  0.7384  1.3468  0.2789 
  GRIN2A  0.7221  1.1152  0.1203 
  GRIN2B  1.2265  1.4223  0.8739 
  GRIN2C  -0.2689  -0.1960  0.9013 
  GRIN2D  -0.6068  -0.3376  0.5018 
  GRIN3A  -0.5819  0.2096  0.0247 
Kainate  GRIK1  -0.0383  -0.7318  0.4691 
  GRIK2  -0.0840  1.0895    0.0046* 
  GRIK3  -2.1491  -1.6644  0.2998 
  GRIK4  0.9106  1.2483  0.8285 
  GRIK5  0.9651  1.9340  0.2200 
mGluR2/3  GRM2  -0.0580  1.4497    0.0019* 
  GRM3  -1.5394  -1.0344  0.2617 
GABAA  GABRA1  -0.4840  -0.3972  0.6124 
and  GABRA2  0.8138  0.9709  0.6971 
GABAA/BZ  GABRA3  1.0224  0.6126  0.1037 
  GABRA4  0.0449  0.2756  0.2915 
  GABRA5  1.2789  1.1119  0.1618 
  GABRA6  -0.3384  -0.4793  0.3901 
  GABRB1  0.5947  0.9256  0.6627 
  GABRB2  -0.2776  0.3241  0.2092 
  GABRB3  1.3434  1.9434    0.0026* 
  GABRD  -1.3512  -0.3027  0.0196 
  GABRE  -0.4882  -0.5901  0.4990 
  GABRG1  -0.3201  -0.1504  0.3409 
  GABRG2  -0.0273  0.3743  0.4142 
  GABRG3  -0.3692  -0.7755  0.0375 
  GABRQ  0.8875  1.6584  0.4918 
  GABRR2  -0.0235  -0.4470  0.2533 
M1  CHRM1  0.5090  0.4834  0.4210 
M2  CHRM2  -0.9220  -0.9277  0.8551 
M3  CHRM3  0.4236  -0.2905  0.2550 
α1  ADRA1A  -0.7244  2.9808    0.0036* 
  ADRA1B  -0.7581  0.9258  0.0203 
  ADRA1D  1.3846  0.6145  0.2319 
5-HT1A  HTR1A  1.5185  0.9743  0.1774 
5-HT2  HTR2A  -0.0918  -0.6278  0.0246 
D1  DRD1  -0.3265  -0.9785  0.0146 
A1  ADORA1  -0.4523  0.0638  0.2104 

For validation analysis, probabilistic maps from the Julich Brain Atlas were adjusted in an editor to best spatially 
match sampling in CA and DG. The data is z-score. GABAA and GABAA/BZ share the same encoding genes. 
Uncorrected p-values from JuGEx are shown. * indicates p values that remain significant after partial Bonferroni 
correction.  



Supplementary Table S6. Analysis of correlations between receptor and encoding genes. 

Receptors  Genes  CA  DG 
  LOOO-CV r-value p-value  LOOO-CV r-value p-value 

AMPA  GRIA1  0.5592 0.5714 0.2000  -0.0833 -0.0857 0.9194 
  GRIA2  0.9184 0.9286   0.0067*  0.0833 0.0857 0.9194 
  GRIA3  0.2735 0.2857 0.5560  0.1333 0.1429 0.8028 
  GRIA4  -0.0367 -0.0357 0.9635  0.7500 0.7714 0.1028 
NMDA  GRIN1  0.6653 0.6786 0.1095  0.6333 0.6571 0.1750 
  GRIN2A  -0.1020 -0.1071 0.8397  -0.0333 -0.0286 1.0000 
  GRIN2B  0.1755 0.1786 0.7131  0.7000 0.7143 0.1361 
  GRIN2C  -0.0694 -0.0714 0.9063  0.1667 0.1429 0.8028 
  GRIN2D  -0.1020 -0.1071 0.8397  0.8667 0.8857 0.0333 
  GRIN3A  -0.1020 -0.1071 0.8397  0.5667 0.6000 0.2417 
Kainate  GRIK1  0.5592 0.5714 0.2000  0.1333 0.1429 0.8028 
  GRIK2  0.3796 0.3929 0.3956  0.0833 0.0857 0.9194 
  GRIK3  0.2816 0.2857 0.5560  0.1333 0.1429 0.8028 
  GRIK4  0.4204 0.4286 0.3536  -0.5333 -0.5429 0.2972 
  GRIK5  -0.4204 -0.4286 0.3536  -0.1833 -0.2000 0.7139 
mGluR2/3  GRM2  0.0367 0.0357 0.9635  0.0833 0.0857 0.9194 
  GRM3  0.4857 0.5000 0.2667  0.4000 0.4286 0.4194 
GABAA  GABRA1  0.4531 0.4643 0.3024  0.2500 0.2571 0.6583 
  GABRA2  -0.1347 -0.1429 0.7825  -0.3667 -0.3714 0.4972 
  GABRA3  0.5592 0.5714 0.2000  -0.2500 -0.2571 0.6583 
  GABRA4  -0.3469 -0.3571 0.4444  -0.3667 -0.3714 0.4972 
  GABRA5  0.3469 0.3571 0.4444  0.5833 0.6000 0.2417 
  GABRB1  -0.5102 -0.5357 0.2357  -0.1833 -0.2000 0.7139 
  GABRB2  0.2082 0.2143 0.6615  0.2500 0.2571 0.6583 
  GABRB3  0.4531 0.4643 0.3024  -0.1833 -0.2000 0.7139 
  GABRD  0.1347 0.1429 0.7825  0.2000 0.2000 0.7139 
  GABRG1  -0.4204 -0.4286 0.3536  -0.2500 -0.2571 0.6583 
  GABRG2  0.8122 0.8214 0.0341  0.4167 0.4286 0.4194 
  GABRG3  0.1102 0.1071 0.8397  0.0167 0.0286 1.0000 
  GABRQ  -0.7388 -0.7500 0.0663  0.3000 0.3143 0.5639 
GABAA/BZ  GABRA1  0.3667 0.3714 0.4972  0.6833 0.7143 0.1361 
  GABRA2  0.5667 0.6000 0.2417  0.3500 0.3714 0.4972 
  GABRA3  0.1833 0.2000 0.7139  0.4667 0.4857 0.3556 
  GABRA4  -0.0833 -0.0857 0.9194  0.5833 0.6000 0.2417 
  GABRA5  0.3333 0.3714 0.4972  0.2500 0.2571 0.6583 
  GABRB1  -0.2500 -0.2571 0.6583  -0.4667 -0.4857 0.3556 
  GABRB2  0.1000 0.0857 0.9194  0.6833 0.7143 0.1361 
  GABRB3  -0.1833 -0.2000 0.7139  0.4000 0.4286 0.4194 
  GABRD  0.0167 0.0286 1.0000  0.8667 0.8857 0.0333 
  GABRG1  -0.8167 -0.8286 0.0583  0.4167 0.4286 0.4194 
  GABRG2  0.2500 0.2571 0.6583  0.7500 0.7714 0.1028 
  GABRG3  -0.2500 -0.2571 0.6583  -0.0833 -0.0857 0.9194 
  GABRQ  -0.6833 -0.7143 0.1361  0.2500 0.2571 0.6583 
M1  CHRM1  0.3796 0.3929 0.3956  0.6833 0.7143 0.1361 
M2  CHRM2  0.1429 0.1429 0.7825  -0.4167 -0.4286 0.4194 
M3  CHRM3  -0.0449 -0.0357 0.9635  -0.5333 -0.5429 0.2972 
α1  ADRA1A  0.3143 0.3214 0.4976  0.5333 0.5429 0.2972 
  ADRA1B  0.2082 0.2143 0.6615  0.0833 0.0857 0.9194 
  ADRA1D  -0.3551 -0.3571 0.4444  0.5333 0.5429 0.2972 
5-HT1A  HTR1A  0.2816 0.2857 0.5560  -0.0936 -0.0870 0.8667 
5-HT2  HTR2A  -0.3551 -0.3571 0.4444  -0.0167 -0.0286 1.0000 
D1  DRD1  -0.3143 -0.3214 0.4976  -0.5833 -0.6000 0.2417 
A1  ADORA1  0.1347 0.1429 0.7825  0.8167 0.8286 0.0583 

Uncorrected p-values are shown. Significant uncorrected values highlighted in yellow. * indicate p value that remains 
significant after partial Bonferroni correction. The LOOO-CV (leave-one-observation-out cross-validation) column 
provides information concerning the mean value of correlation coefficient (rLooo-cv) performed to assess the 
robustness of r-value.  



Supplementary Table S7. Main subunit expression of ionotropic glutamatergic and GABAergic 
receptors in the human hippocampus. 

Ionotropic receptor Main subunits in human 
hippocampus 

References  

AMPA GluR1-3 Borges et al. (2003) 
NMDA GluN1, GluN2A, and 

GluN2B 
Luján et al. (2005) 

Kainate GluK1-5 Luján et al. (2005) 
GABAA α1-3, β2-3, and γ2 Luján et al. (2005); Chuang 

and Reddy (2018) 
  



Supplementary Table S8. Detailed information of correlation coefficients between gene 

expression level and receptor density in Supplementary Fig. S3A. The receptor name 

represents the correlation coefficient between the density of that specific receptor type and the 

corresponding gene expression level. Note, that for the ionotropic receptors (AMPA, NMDA, 

kainate, and GABA) we averaged the expression levels of the main subunit gene for that receptor 

before running the correlation analysis (as specified in Supplementary Table S7). For the 

metabotropic α1 receptor, we also averaged the expression levels of the genes coding for the α1A, 

α1B and α1C subtypes, which cannot be distinguished with the radiolabeled ligand used in the 
present study. 

Type CA DG 

AMPA 0.8214 0.1429 

NMDA 0.0000 0.2571 

Kainate 0.1429                           -0.2000 

mGluR2/3 0.5000 0.3714 

GABAA 0.1786 0.0857 

GABAA/BZ 0.0857 0.7714 

M1 0.3929 0.7143 

M2 0.1429                           -0.4286 

M3                           -0.0357                           -0.5429 

α1 0.1786 0.4286 

5-HT1A 0.2857                           -0.0870 

5-HT2                           -0.3571                           -0.0286 

D1                           -0.3214                           -0.6000 

A1 0.1429 0.8286 



Supplementary Table S9. Detailed information of identified genes in Supplementary Fig. S4. 

Group Genes 
G-CA/DG GRIA1, GRIA2, GRIN2A, GRIK1, GRIK4, GRIK5, GABRA2, GABRA4, GABRA5, GABRB1, GABRB3, 

GABRG2, GABRQ, CHRM2, CHRM3, ADRA1A, ADRA1B 
 

G/R-CA GRIA1, GRIA2, GRIN1, GRIK1, GRIK4, GRIK5, GRM3, GABRA1, GABRA2, GABRA3, GABRB1, GABRB3, 
GABRG1, GABRG2, GABRQ 
 

G/R-DG GRIA4, GRIN1, GRIN2B, GRIN2D, GRIN3A, GRIK4, GRM3, GABRA1, GABRA3, GABRA4, GABRA5, 
GABRB1, GABRB2, GABRB3, GABRD, GABRG1, GABRG2, CHRM1, CHRM2, CHRM3, ADRA1A, ADRA1D, 
DRD1, ADORA1 
 

Abbreviations: G-CA/DG, 17 genes showing significantly different expression levels between CA and DG; G/R-CA, 

15 genes presenting high-strength correlations with corresponding receptors in CA; and G/R-DG, 24 genes with 

high-strength correlations in DG. Abbreviation: G, gene; R, receptor.  
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