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a b s t r a c t 

Brain areas show specific cellular, molecular, and gene expression patterns that are linked to function, but their 

precise relationships are largely unknown. To unravel these structure-function relationships, a combined anal- 

ysis of 53 neurotransmitter receptor genes, receptor densities of six transmitter systems and cytoarchitectonic 

data of the auditory, somatosensory, visual, motor systems was conducted. Besides covariation of areal gene ex- 

pression with receptor density, the study reveals specific gene expression patterns in functional systems, which 

are most prominent for the inhibitory GABA A and excitatory glutamatergic NMDA receptors. Furthermore, gene 

expression-receptor relationships changed in a systematic manner according to information flow from primary to 

higher associative areas. The findings shed new light on the relationship of anatomical, functional, and molecu- 

lar and transcriptomic principles of cortical segregation towards a more comprehensive understanding of human 

brain organization. 
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. Introduction 

Functional systems such as visual, motor, auditory and somatosen-

ory are part of specific networks that process, integrate, and modify

nformation. Information flow has been described in terms of hierar-

hical processing, e.g. in the primate visual ( Van Essen, Anderson, &

elleman, 1992 ) and auditory systems ( Kaas & Hackett, 2000 ) . In ad-

ition, systematic macroscopic gradients across the entire brain, which

re organized along cortical hierarchies have been proposed as being

rivers of brain function ( Wang, 2020 ). The hypothesis was formulated

hat such hierarchies are also reflected in gene expression patterns re-

ated to the receptor architecture of brain areas of different brain regions

 Burt et al., 2018 ). 

Brain areas have a specific cyto-, receptor- and fiber architecture,

ndividual patterns of immunohistochemistry and gene expression, to

ist only major properties ( Amunts & Zilles, 2015 ). On top of this, func-

ional systems also show a specific balance of receptor types ( Zilles and

alomero-Gallagher, 2017 ). Studies of motor and sensory cortices have
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rovided evidence that receptor concentrations change in a hierarchical

ay within functional systems, and areas belonging to the same func-

ional system have a more similar receptor balance than areas belonging

o different functional systems ( Zilles & Amunts, 2009 ). 

The pattern of changes within functional systems differs between

eceptor types. Receptors can be classified in dependence on whether

ignal transduction occurs via ion channels (ionotropic receptors) or G-

rotein coupled (metabotropic receptors). Ionotropic receptors consist

f different subunits, each encoded by a single gene, while metabotropic

eceptors are monomeric structures and thus encoded by one gene.

onotropic receptors are composed in a specific combination of recep-

or subunits, which can undergo changes during development ( Bar-

hira, Maor, & Chechik, 2015 ; Fritschy, Paysan, Enna, & Mohler, 1994 ;

enson et al., 2008 ) . A receptor subunit switch changes the prop-

rties of the receptor, e.g., conductance, ion block, ligand binding,

rafficking, insertion in the plasma membrane and recycling ( Farrant

 Nusser, 2005 ; Groc et al., 2006 ; K. B. Hansen et al., 2018 ). Such

witches are responsible for synaptic plasticity and synaptic strength
ay 2022 
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 Collingridge, Isaac, & Wang, 2004 ; Das et al., 1998 ; Gambrill & Bar-

ia, 2011 ; Lau & Zukin, 2007 ). A disturbance in the balance of receptors

nd their subunits is often associated with diseases, e.g., schizophre-

ia, epilepsy, neuropathic pain, Alzheimer’s and Huntington’s disease

 Baulac et al., 2001 ; Hashimoto et al., 2008 ; Hines, Davies, Moss, &

aguire, 2012 ; Limon, Reyes-Ruiz, & Miledi, 2012 ; Mahfooz et al.,

016 ). 

The receptor subunit gene expression varied between different ro-

ent brain regions, which seems to be relevant for the functional dif-

erentiation of the brain ( Hörtnagl et al., 2013 ; Pirker, Schwarzer,

ieselthaler, Sieghart, & Sperk, 2000 ; Sieghart & Sperk, 2002 ;

isden, Laurie, Monyer, & Seeburg, 1992 ). Data on the human brain

re much sparser and more fragmented. Considering the manifold dif-

erences between species in brain structure and function, it is mandatory

o extend such studies to the human brain, a prerequisite to also better

nderstand the pathogenesis of brain disorders with alterations in neu-

otransmitter systems and differences in excitation and inhibition (e.g.,

 Meunier, Chameau, & Fossier, 2017 )). 

To disclose the rules along which the different properties of ar-

as change across the cortex, and how their combination contributes

o the function of systems or hierarchical position, we have brought

ogether data of two different brain atlases. The Julich-Brain atlas

 Amunts, Mohlberg, Bludau, & Zilles, 2020 ) with its cytoarchitecton-

cally defined brain areas together in combination with receptor data,

nd the gene expression data from 282 tissue blocks of the Allen Human

rain Atlas (M. J. Hawrylycz et al., 2012 ). We investigated the relation-

hip between genes and densities of neurotransmitter receptors that are

riven by their genes in 15 areas of the visual, auditory, somatosensory

nd motor systems, analysed the relationship of gene expression data

ith the concentrations of 12 receptor types for five different neuro-

ransmitters to explore gene transcript-receptor relationships, and ad-

ressed differences and similarities between and within the functional

ystems and their areas ( Fig. 1 ). 

. Materials and Methods 

.1. Quantitative receptor autoradiography 

Six hemispheres (4 male, 2 female; age 72-79 years) were used for

uantitative in vitro receptor autoradiography (Extended Data table 1).

he brains came from the body donor program of the Heinrich Heine

niversity of Düsseldorf. The donors had no history of neurological or

sychiatric disease and had given their written consent according the

thics Committee of the Heinrich-Heine University Düsseldorf. Brains

ere removed within 16 hours post-mortem. Each hemisphere was di-

ided into 5 to 6 coronal slabs of about 3 cm thickness. Slabs were frozen

t -50 °C in isopentane and stored at -70 °C in airtight bags. 

Slabs were serially sectioned (20 𝜇m thickness) at -20 °C in a large-

cale cryostat microtome. Sections were thaw-mounted onto gelatin cov-

red glass slides and dried overnight before receptor labelling according

o previously published protocols ( Palomero-Gallagher & Zilles, 2018 ;

illes et al., 2002 ). Adjacent serial sections were used for the demonstra-

ion of 12 different receptor binding sites (Extended Data table 2) as well

s of cyto- and myeloarchitecture ( Palomero-Gallagher & Zilles, 2017 ;

illes & Amunts, 2009 ). Thus, each set of these alternating serial sections

rovides information on the regional and laminar distribution of 12 dif-

erent receptors and the cyto- and myeloarchitecture in a small tissue

olume. It is immediately followed by the next set of sections treated

ccordingly throughout the entire hemisphere. 

The receptor labelling started with the preincubation ( Palomero-

allagher & Zilles, 2018 ; Zilles et al., 2002 ). In this step, the sections

ere rehydrated, and thereby, all endogenous substances which could

lock the receptor binding site were washed out. In the main incubation,

he sections were exposed to a solution containing a receptor-specific tri-

ium labeled ligand (nM concentration) to measure the total binding. In

arallel experiments, non-specific binding was determined in the same
2 
olution additionally containing a non-labeled receptor specific ligand

 𝜇M concentration) as displacer at the binding site. The specific binding

f a ligand is the non-specific binding subtracted from the total binding.

s for the here used experimental protocols the non-specific binding

as less than 5% in all cases, the total binding is accepted as a good

pproximation of the specific binding. A rinsing step stopped the incu-

ation procedure and removed the non-bound radioactive ligand and the

uffer salts from the sections. The sections were coexposed with plas-

ic scales of known concentrations of radioactivity (Microscales, Amer-

ham) against 𝛽-radiation sensitive film (Hyperfilm, Amersham, Braun-

chweig, Germany) for 4-18 weeks. The autoradiographs and scales were

igitized at 8 bit gray-value resolution with an image analysis system

Axiovision, Zeiss Germany). The measurement of the different gray val-

es of the plastic scales and their known radioactivity concentrations

esulted in a nonlinear calibration curve, which enabled a lineariza-

ion of gray values and radioactivity concentrations. Then, these lin-

arized radioactivity concentrations were used to measure receptor con-

entrations (fmol/mg protein). Additionally, for a better visual demon-

tration of the various receptor densities, the images were color-coded.

or details of experimental and analytical methods see (K. Zilles et al.,

002 )( Palomero-Gallagher & Zilles, 2018 ). 

Mean receptor densities were obtained by densitomentric analysis

f the autoradiographs. Therefore, areas were identified on autoradio-

raphs and their exact position was checked on neighbouring cell-body

tained sections according to previous cytoarchitectonic mapping stud-

es of our own group, summarized in the Julich-Brain ( Amunts et al.,

020 ) (for an overview of analysed areas see Extended Data table 3).

ixel values of linearized autoradiographs were extracted from traverses

efined perpendicularly to the cortical ribbon. On this basis, the mean

eceptor density was calculated (fmol/mg protein) and averaged over

hree neighbouring sections ( Palomero-Gallagher & Zilles, 2018 ). 

Receptor fingerprints plot these grand mean of multiple receptor

ensities in polar coordinates. Receptors were grouped according to

heir functional properties from excitatory, inhibitory to modulatory.

he shape of the receptor fingerprints indicates the similarity of brain

reas concerning the multireceptor expression pattern. 

.2. Julich-Brain Atlas 

The Julich-Brain atlas ( http://www.jubrain.fz-juelich.de ) is part

f the HBP Human Brain Atlas ( https://www.humanbrainproject.

u/en/explore-the-brain/atlases/ ), and provides probabilistic maps of

ytoarchitectonic areas in stereotaxic space, based on image analysis

n a (second) sample of ten post-mortem brains. Brains were obtained

rom the body donor program of the Heinrich-Heine University Düssel-

orf in accordance to legal and ethical requirements. The donors had

o history of neurological or psychiatric disease and gave their writ-

en consent according the Ethics Committee of the Heinrich-Heine Uni-

ersity Düsseldorf. The post-mortem delay did not exceed 24 hours.

rains were fixed in 4% formalin or Bodian, paraffin-embedded, se-

ially sectioned (20μm), and stained for cell bodies ( Amunts et al.,

020 ). Areal borders were identified using image analysis and statis-

ical methods, and mapped to high-resolution scans of these sections

 Schleicher, Amunts, Geyer, Morosan, & Zilles, 1999 ). Sections with the

real borders were 3D reconstructed and transferred to the Julich-Brain

tlas ( http://www.jubrain.fz-juelich.de ). Maps of somatosensory and

otor areas of the Julich-Brain Atlas were used as regions-of-interest

or transcriptomic and receptor density analysis (Extended Data, Table

). Furthermore, for each functional system the maps of its brain areas

ere combined with the JuGex tool. These merged maps of functional

ystems were used in JuGex to analyze system-specific gene expression

etween two functional systems. 

Areas of the somatosensory (area1-3 ( Geyer, Schleicher, & Zilles,

999 ; Grefkes, Geyer, Schormann, Roland, & Zilles, 2001 )), visual (ar-

as hOc1-4 ( Amunts, Malikovic, Mohlberg, Schormann, & Zilles, 2000 ;

ujovic et al., 2013 ; Rottschy et al., 2007 )) and auditory (areas Te1,

http://www.jubrain.fz-juelich.de
https://www.humanbrainproject.eu/en/explore-the-brain/atlases/
http://www.jubrain.fz-juelich.de
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Figure 1. The Julich-Brain Atlas is a tool to integrate receptor and gene expression data. 

(A) Area STS1 of the superior temporal sulcus (STS) belongs to the auditory system. It has been mapped in ten post-mortem brains using statistical tools and 

image analysis ( Zachlod et al., 2020 ) and a probabilistic map has been computed indicating the localization of the area in 3D-space. This map is superimposed 

with gene expression data from the Allen Human Brain Atlas (B). STS1 has also been identified in receptor-autoradiograms (here the muscarinic M 2 receptor for 

acetylcholine) of another sample of post-mortem brains; receptor densities are color-coded with red tones showing high concentrations, and blue tones coding for 

low concentrations (C). Expression of genes coding for receptors subunits was visualized by a surface-based gene map for each receptor type, so that differential 

gene expression for specific receptor subunits can be compared between functional systems (B). The gene expression was then correlated with the receptor density 

obtained by quantitative receptor autoradiography for each receptors type. 
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e3, STS1, STS2 ( Morosan et al., 2001 ; Morosan, Schleicher, Amunts, &

illes, 2005 ; Zachlod et al., 2020 )) cortex were compared between each

ther and with those of the motor cortex (area4 ( Geyer et al., 1996 ),

rea6 ( Amunts et al., 2020 )). Subareas were subsumed under the area

ame to obtain the maximum of tissue blocks for the gene analysis (see

ext paragraph). That means, area 3 consists of Juelich brain area 3a

nd 3b, area 4 of 4a and 4p and the premotor area of 6d1, 6d2 and 6d3.

or receptor densities taken in subareas 3a and 3b and the dorsal and

entral mean density of area hOc2, the areal mean was used. 

.3. Allen Human Brain Atlas 

The Allen Institute for Brain Science provides transcriptome data

or genes for the entire human adult brain (M. Hawrylycz et al., 2015 ;

. J. Hawrylycz et al., 2012 ). The microarray data for this study are

erived from the Allen Human Brain Atlas ( http://www.human.brain-

ap.org ), which comprises over 62000 gene probes per profile col-

ected in about 500 samples per hemisphere in six donor brains

M. Hawrylycz et al., 2015 ; M. J. Hawrylycz et al., 2012 ). For de-

ailed information please consult the white papers ( http://help.brain-

ap.org/display/humanbrain/Documentation ). Gene expression in the

issue blocks was normalized over the whole brain and the results in z-

cores were mapped on a 3D anatomical space (icbm152). Tissue blocks

ere addressed with a macroanatomical label. Gene expression data was

ublicly available and was used in this study to investigate areal gene

xpression. 
3 
.4. Gene expression in brain areas 

A gene list was created using PubMed to search for recep-

or genes in the human brain with the receptor name as entry.

he list comprises 53 genes of metabotropic and ionotropic re-

eptors or their subunits from all transmitter systems (Extended

ata table 4). With the JuGEx Toolbox (available at http://www.

z-juelich.de/inm/inm-1/jugex ), the gene names of the list were

onverted into a format of the Allen Human Brain microarray

ataset ( http://www.human.brain-map.org ), so that the gene expres-

ion of a tissue block can be accessed by the Allen Human Brain

robe-ID. 

For this study, we examined 15 cytoarchitectonically defined sen-

ory and motor areas of the Julich-Brain atlas ( Amunts et al., 2020 ).

he atlas provides maps in icbm152 and Colin27 reference space.

o, the maps in icbm152 reference space could directly be used for

ranscriptome analysis of the Allen Human Brain microarray dataset,

hich is provided in the same reference space. The extension of ar-

as was limited to 60% of the original size (80% for Te1 to maxi-

ize the number of tissue blocks; in this case the position of tissue

locks was visually checked) to avoid false positive results. The JuGEx

oolbox was used to extract transcriptome data from the Allen Hu-

an Brain microarray database for both hemispheres of the six avail-

ble brains. All tissue blocks of an area (Extended Data table 5) were

ooled before the median receptor gene expression for each area was

alculated. 

http://www.human.brain-map.org
http://help.brain-map.org/display/humanbrain/Documentation
http://www.fz-juelich.de/inm/inm-1/jugex
http://www.human.brain-map.org
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.5. Gene expression in functional systems 

Differences in receptor gene expression between functional system

Supplement Table S1) were analysed by merging the Julich-Brain areas

f each functional system. These newly created maps are representing

he surface of the functional system as defined in this study and were

sed in JuGEx with a threshold of 20 % to search for differential recep-

or gene expression. First, the tissue blocks within a functional system

ere selected. Then differential expression of 53 receptor genes (Ex-

ended data, Table 4) were analysed between two functional systems

nd the results were statistically tested with the JuGex pipeline with a

ermutated ANOVA (permutation rate: 10000) and FWE corrected. 

.6. Analysis of areal gene expression 

Median gene expression data of all receptors were plotted in polar

oordinates per area. This plot was called a “genetic fingerprint ” in anal-

gy to “receptor fingerprints ” (see above). It characterizes the areal gene

xpression pattern and enables a comparison between areas and regions.

hese datasets were analyzed with a multivariate statistical approach,

nd the result depicted as an MDS plot. For ionotropic receptors, the

ranscriptome data was depicted in a surface plot using Matlab. This vi-

ualization enables the researcher to analyse the genetic data in an easy

nd intuitive way and shows clearly the differential gene expression be-

ween regions. For 12 receptor types, the median gene expression of an

rea was compared to its mean receptor density (Extended Data Table

). For ionotropic receptors the mean receptor density was compared to

he gene of the major isoform. The two datasets were compared with

earson correlation and statistically tested with two-sample t-test and

orrected for multiple comparisons (Benjamini-Hochberg FDR correc-

ion). To analyse co-expression of receptor genes, 26 gene pairs were

nalyzed for the 15 brain areas with Pearson correlation, statistically

ested with two-sample t-test and FDR corrected for multiple compar-

sons (Extended Data Table 7). 

. Results 

.1. Comparison of functional systems 

The similarity and dissimilarity of 15 areas of four different func-

ional systems based on their gene expression was captured by Multidi-

ensional scaling (MDS) ( Fig. 2 ). MDS depicts the distances of the anal-

sed areas regarding the gene expression pattern of 53 receptor genes

listed in Extended data Table 4), and projects it to a two-dimensional

urface. It reveals that the areas differ with respect to their gene expres-

ion pattern. Areas tend to cluster within functional systems ( Fig. 2 ). 

Somatosensory areas (green) clustered separately from those of the

uditory system (orange), but both were more similar to each other than

o the areas of the visual system (purple). Most of the areas of the visual

ystem were most dissimilar from the rest of the areas in receptor gene

xpression, except area hOc4v, a higher visual area of the ventral stream

hat clustered close to those of motor and somatosensory areas. This

radient within the visual system is shown in Figure 2 A. 

For comparison with their protein level, the areas were grouped ac-

ording to their mean receptor density as obtained from autoradiograms

f multiple receptor binding sites of six hemispheres ( Fig. 2 B). Areas also

orm clusters, and the four functional systems can be distinguished from

ach other. For example, the visual system gives a cluster that is seprate

rom the other three. 

The comparison of the two MDS plots shows that all four functional

ystems form clusters for both the receptor density and the receptor gene

xpression. In addition, gradients can be identified within a functional

ystem (e.g., see grey lines in Fig. 2 A). 

While MDS combines single values of gene expression (and recep-

or densities) to provide an overall distance measure for similarties and

issimilarties between areas and systems, gene expression fingerprints
4 
genetic fingerprints) and receptor fingerprints disclose the balance of

ndividual levels in each area, and capture area-differences by different

hapes (K Zilles et al., 2002 ) ( Fig. 3 and Supplement Fig. S2). 

The receptor fingerprints integrate mean densities of 12 receptor

inding sites; their shape differs between the auditory and visual sys-

ems ( Fig. 3 A; Supplement Fig. S2 for the other two systems). The vi-

ual system has higher mean receptor densities of NMDA and GABA A 

eceptors, but lower values for the M 3 receptor than the auditory sys-

em ( Fig. 3 A). These prominent differences for the ionotropic excitatory

MDA receptor and the inhibitory GABA A receptor can also be found

n the genetic fingerprint. However, the auditory system depends on a

ifferent subset of receptor genes and shows higher values than in the vi-

ual system for excitatory NMDA and inhibitory GABAA receptor genes

asterisks in Fig. 3 B). 

Areas of the visual system are dominated by high peaks in a few re-

eptor genes (GRIN2A, GABRA1, GABRA4, GABRB2, GABRG2), mainly

hose coding for subunits of a ubiquitous receptor form, called major

soform, whereas areas of the auditory system have differential recep-

or gene expression. Comparison of the auditory and visual systems

hows that 56 % of the glutamatergic and 70 % of the GABAergic re-

eptor genes are differentially expressed between both systems. These

enes are GRIN2A, GRIN2B and GRIN3A for the NMDA receptor and

early all pore forming subunit genes of the GABA A receptor (for de-

ails see Supplement Table S1). In total, 62 % of all analysed genes are

ifferentially expressed. Receptor genes GRIN3A (NMDA), GABRA1/5,

ABRB1, GABRD (GABA) and the gene of the serotonin 5-HT 1A receptor

re differentially expressed between the auditory and the visual system,

ut not when comparing the somatosensory and motor systems. 

Comparing the somatosensory and motor systems, the value of signif-

cantly regulated genes dropped to 17 %. Only 17 % of the glutamatergig

i.e. GRIK2,4, GRIN2A) and GABAergic (i.e. GABRA2-4, GABRG1) genes

re differentially expressed (Supplement Table S1). The genetic simi-

arity of the somatosensory and motor systems is greater than in cor-

esponding receptor fingerprints. The somatosensory system shows an

verall higher receptor density than the motor system. Comparing the

rand mean between the functional systems the receptor densities of

ainate, M 1 , 𝛼2 , 5-HT 1A and D 1 receptors more than doubled in the so-

atosensory system (Supplement Fig. S1). 

When looking to the areas within the functional systems, it can be

een that the primary auditory area (Te1) differed from higher asso-

iative areas of the auditory cortex (Te3, STS1, STS2) in 17 % of all

nalysed receptor genes of the glutamatergic, GABAergic, cholinergic

nd serotoninergic transmitter systems (genes listed in Supplement Ta-

le S2). Prominent examples of different gene expression in the primary

uditory area were found for the GABAergic, cholinergic and serotonin-

rgic systems and are highlighted with an arrow head in Fig. 3 B. Genes

f the primary and higher visual areas did not pass the treshold (p >

.05). 

.2. Analysis of metabotropic receptors 

Metabotropic receptors revealed a system- and area-specific gene

xpression pattern. For example, the density of the muscarinic acetyl-

holine M 2 receptor was correlated with its receptor gene expression in

ll areas of the three sensory systems ( Fig. 4 A). 

The M 2 receptor gene showed a high expression in primary sensory

reas hOc1, Te1, and area3. The gene expression decreased in secondary

ensory areas and is lowest in higher associative areas. Such decrease

rom primary to higher associateive areas was also found in the areal

eceptor densities of the different functional systems ( Fig. 4 B). In the

utoradiograms, all primary sensory areas hOc1, Te1 and area3 show

rominent high receptor densities as compared to the primary motor

ortex, which has low densities. 

Figure 4 A showed that for the metabotropic M 2 receptor the RNA

evels correspond to their receptor density pattern. Other gene - receptor

ensity correlations are shown in Supplement Fig. S13-15. Metabotropic
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Figure 2. Multidimensional scaling for receptor gene expression and mean receptor density. 

Functional systems cluster separately both in receptor gene expression (A) and mean receptor density (B) for auditory (orange), visual (purple), somatosensory 

(green) and motor (olive) systems. Areas of a functional system can be characterized in both modalities and showed a gradient from primary to higher associative 

areas (here shown for the gene expression of the visual and auditory systems in A). The unique receptor gene expression pattern, i.e., the receptor gene expression 

of 53 receptor genes in a brain area, characterizes the position of an area in a functional hierarchy. The same is true for the receptor pattern, which also enables to 

identify clusters (B). 
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eceptors are encoded by one gene per receptor, whereas ionotropic re-

eptors have a more complex structure. They consist of different sub-

nits encoded by multiple genes. The different receptor genes, which

re needed to form a functional receptor, require a different analysis for

he ionotropic receptors. 

.3. Analysis of ionotropic receptors 

In contrast to metabotropic receptors, each ionotropic receptor is en-

oded by several subunit genes. The combination of receptor subunits

esults in different isoforms, but the receptor subunit composition is not

nown for all of them. Therefore, biochemical and physiological data is

ften obtained with the most abundant receptor isoform, called major

soform. The excitatory NMDA and inhibitory GABA A receptors showed

arge differences in the receptor subunit gene expression between the

unctional systems in the genetic fingerprints ( Fig. 2 ). These two recep-

ors were investigated in more detail. 

.4. Analysis of the inhibitory GABA A receptor 

The GABA A subunit gene expression differed between the four func-

ional systems ( Fig. 5 A). The comparison of the primary areas revealed

hat the gene expression pattern of primary auditory and somatosen-

ory areas differed in the expression of many genes from that of the pri-

ary visual area (Fig S3 A + B). The primary somatosensory area showed

maller differences to the primary auditory area (Fig S3 C) than to the

rimary visual area. Interestingly, the lowest difference was found be-

ween primary somatosensory to primary motor area 4 (Supplement,

ig. S4 D). 

To analyze the manifold relationships between gene expression,

unctional systems and hierarchical position of an area within its func-

ional system in an intuitive and comprehensive way, a surface-based

ene plot was generated. This plot encompasses receptor subunit gene

xpressions for all areas ( Fig. 5 A). The surface plot of the GABA A recep-

or demonstrates, that each sensory system has its own subset of char-

cteristic, highly expressed receptor subunit genes. For example, the vi-
5 
ual areas have a common receptor gene expression pattern, which is

ominated by high RNA levels from few receptor subunit genes such as

ABRA1, GABRB2 and GABRG2. In addition, subunit genes are differ-

ntially expressed within a functional system, but these differences are

ather minor as compared to the differences between the subunit genes

ithin a system ( Fig. 5 A). 

Gene expression increases for several receptor subunits when moving

n the graph from the visual to the auditory system. These receptor sub-

nit genes include GABRA3, GABRA5, GABRB1 and GABRB3; they have

elatively low levels in the visual system (blue and green “valleys ”). 

The expressions of all subunit genes of the major isoforms, which are

ABRA1, GABRB2 and GABRG2, correlated strongly (r = 0.79 to 0.86;

ig. 4 B). GABRD codes for the 𝛿-subunit and replaces the 𝛾-subunit in

he functional receptor. The expression of GABRD correlated with the

ABRA1 subunit gene of the major isoform, and is not regionally over-

xpressed (Supplement, Fig. S3). But two other pairs of subunit genes

eem to be coupled and are upregulated only in the auditory system. The

enes GABRA3 and GABRB1 were expressed at the same level through-

ut all analysed areas (r > 0.92) and showed the opposite expression

attern to that of the major isoform (Fig. S7; negative correlation of the

ubunit genes to GABRA1/GABRB2: r < -0.88). Differential gene expres-

ion was also found for the gene pair GABRA5 and GABRB3. Both genes

orrelated highly (r = 0.90) and are prominently upregulated in the au-

itory areas ( Fig. 5 C). As a common feature, the two pairs show a low

o average expression in the visual areas, whereas they are upregulated

n the auditory areas (highlighted with an orange rectangle; see Fig. 5 C

nd Fig. S7). 

.5. Analysis of the excitatory NMDA receptor 

Regional differences in expression levels of receptor subunits for the

onotropic NMDA receptor for glutamate were found as well. The gene

ap of the NMDA receptor showed high expression levels of subunit

enes forming the major isoform (GRIN1 and GRIN2A) throughout all

nalysed areas (Supplement, Fig. S8) with a maximum in the visual sys-

em. The gene expression and receptor density levels of GRIN2A corre-
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Figure 3. Receptor and genetic fingerprints of visual and auditory areas 

Receptor fingerprints show the balance of mean receptor densities in a brain area, and differ between the areas of the auditory and visual systems as indicated by the 

different shapes of the fingerprints (A). Differences between both systems were also pronounced for genetic fingerprints (B). The receptor types are color-coded to label 

ionotropic (in pale orange) vs. metabotropic (purple; inner ring), and different types of excitatory (ocker), inhibitory (light blue) and modulatory (pink, outer ring). 

Gene expression fingerprints of 53 receptor genes in auditory (Te1,3, STS1,2) and visual areas (hOc1,2,3d,4d); coloured lines represent gene expression levels per 

area. Receptor genes were grouped from glutamatergic (AMPA, kainate, NMDA), GABAergic (GABA A ) which are ionotropic receptors, to the metabotropic muscarinic 

cholinergic (M 1-3 ), ionotropic nicotinic cholinergic, metabotropic serotoninergic (5-HT 1 , 5-HT 2 ) and dopaminergic receptors (D 1 ). The order of the receptor genes in 

the gene expression fingerprint reflects the functional receptor category from excitatory (glutamate), to inhibitory (GABA) and modulatory (acetylcholine, serotonin, 

dopamine, adenosisn). The scaling is identical in each case. Receptor gene expression within areas of a functional system are more similar to each other than between 

systems. The primary auditory area differed in M 2 , GABA A and 5-HT 1A receptor genes from the associative areas (arrow heads). Note large differences between 

the two systems of the ionotropic GABA A and NMDA receptors with higher levels in the auditory areas than in the visual areas for several receptor subunit genes 

(asterisks). Ado – adenosine. 
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b  
ated for all studied areas (Supplement figure S8). In the visual system

o other subunit gene showed higher expression levels. However, a dif-

erent subunit gene expression was found for auditory and somatosen-

ory areas. A comparison of primary auditory (Te1) and primary visual

hOc1) areas revealed that the GRIN3A gene is more highly expressed
6 
n area Te1 (Supplement, Fig. S10). Comparing all analysed areas, we

ound that GRIN3A has high expression levels throughout auditory areas

orange rectangle in Supplement, Fig. S11), whereas in somatosensory

reas the gene expression is average and in the visual system slightly

elow brain average. The regulatory NMDA gene GRINA was found to
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Figure 4. Area-specific patterns of the 

metabotropic M 2 receptor: receptor density 

(left y-axis) and gene expression (z-scores, 

right y-axis) 

The receptor density (black curve) of the 15 

areas co-varies with the expression of the 

metabotropic M 2 receptor gene (orange curve; 

3A). Autoradiograms for each area are shown 

in 3B. Note the high concentrations of the re- 

ceptor in primary areas (leftmost in each func- 

tional system), which is in accordance with pre- 

vious findings on a high M 2 receptor concen- 

tration ( Zilles and Palomero-Gallagher, 2017 ). 

The concentration decreases from left to right 

within systems, towards higher areas. 
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e highest in the somatosensory areas (Supplement, Fig. S12). We found

hat two NMDA subunits, GRIN2C and GRIN2D, were expressed below

verage. GRIN2C is only expressed in the cerebellum, and GRIN2D dur-

ng development. The low expression rates of these genes found in all

nalysed areas strengthen the areal gene expression gradients proposed

n this study. 

. Discussion 

The present study targeted three levels of cortical organization: cy-

oarchitecture, neurotransmitter receptor architecture and neurotrans-

itter receptor gene expression. It elucidates principles of human brain

rganization for different functional systems, going beyond the simpli-

ed view of a “mosaic ” of areas forming the neocortex. The present

tudy reveals relationships between gene expression patterns and the

eceptor types for which they code. It suggests that the expression

f receptor genes depends on the position of the brain area within a

unctional system. On a more abstract level, areas can be conceptual-

zed in terms of (nested) hierarchies and gradients. Hierarchical con-

epts of brain organisation were introduced for cytoarchitecture ( Zilles

 Amunts, 2012 ), connectivity ( Goulas, Zilles, & Hilgetag, 2018 ) and

olecular architecture ( Zilles and Palomero-Gallagher, 2017 ). A recent

tudy ( Goulas et al., 2021 ) showed that the diversity of receptor den-

ities changes from cytoarchitectonically defined sensory to association

reas forming a natural axis for brain hierarchy. Along this axis the ra-

io between the excitatory and inhibitory receptor densities increases,

s well as the densities of metabotropic receptors. 

The patterns of cytoarchitecture, receptor architectonics, gene ex-

ression and connectivity, changes when moving from one to the neigh-

ouring area ( Amunts & Zilles, 2015 ). This finding alone would be suf-

cient to explain cortical segregation in terms of a mosaic of areas, but

oes not explain their specific role in networks underlying a certain

ognitive function. To disclose the rules by which the aspects of brain
7 
rganisation are linked to each other, and what the differences between

reas are depending on their role in a certain functional system is a topic

f intensiv research, and contributes to reveal the nature of cortical seg-

egation and intrinsic organization. 

A multi-modal approach was employed in the present study to ad-

ress this topic, targeting a large number of receptor types of different

eurotransmitters and related genes. The term hierarchy in the present

tudy refers to systematic changes within a functional system, i.e., from

rimary to higher associative areas, and applies to the visual, auditory,

omatosensory and motor systems, each represented by several cytoar-

hitectonically identified areas. 

The analyses showed correlations between gene expression and re-

eptors, not only for metabotropic, but also several ionotropic receptor

ypes. This is interesting, considering the fact that on a global level (44

rain areas across the cortex) gene expression data of the Allen Brain

nstitute does not seem to be a good predictor for receptor density (J. Y.

ansen et al., 2021 ). The present study revealed that several receptor

ensities and gene expression covaried in four functional systems. Differ-

nt from the study by Hansen and colleagues, the present study focused

n primary and adjacent areas. We found covariations for muscarinic

 2 receptor, which shows the highest densities in the primary sensory

reas ( Zilles et al., 2004 ; Karl Zilles, Axel Schleicher, Nicola Palomero-

allagher, & Katrin Amunts, 2002), and for GABAA and GABRB2 and

MDA and GRIN2A. Based on the findings of the two studies, it could

e hypothesized that covariation would be weaker or non-existing for

igher associative areas, a topic for future research. 

In addition, differences in the gene expression and receptor patterns

etween the functional systems in the human brain were demonstrated –

rst, between sensory and motor systems which has been expected con-

idering the quite distinct role of the motor system as a major output

egion from that of sensory systems receiving and further processing in-

ut. Secondly, differences were found also within sensory systems with

he visual system having a unique position. Again, this seems to be plau-
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Figure 5. Differential gene expression for GABA A receptor and receptor densi- 

ties 

The four functional system are characterized by a unique GABA A receptor sub- 

unit gene expression. The visual system (purple) shows high levels in only a 

few receptor genes (e.g., GABRA1, GABRB2 and GABRG2 coding for subunits of 

the major isoform, arrow heads), whereas gene expression in the auditory sys- 

tem (orange) is high in other and more receptor subunit genes ( “broader peaks ”

caused mainly by GABRA2, GABRA5, GABRB1 and GABRB3). The motor system 

shows lower peaks for a few genes (oliv), similar to the somatosensory system 

(green, A). The GABA A subunit gene expression of the major isoform GABRA1, 

GABRB2 and GABRG2 is highest in the visual system. There is an overall high 

correlation for all areas (r > 0.79; B). Other subunit genes, here GABRA5 and 

GABRB3, are highly expressed in auditory areas (orange box). The overall cor- 

relation of GABRA5 and GABRB3 is high, and may contribute to the specifity of 

the auditory system (C). 
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8 
ible considering that the visual system has a unique position among the

ensory system with more neurons in-between the sensory neuron (rods

nd cones) and the primary cortex. 

Interestingly, the expression of receptor genes depends on the hi-

rarchical position of the brain area within a functional system. This

s in line with gene expression gradients reported for visual occipito-

emporal areas ( Gomez, Zhen, & Weiner, 2019 ). In the genetic finger-

rints, each sensory system showed a region- and area-specific gene ex-

ression, which results in their segregation or clustering, respectively,

s revealed by multidimensional scaling: within a functional system,

he primary areas showed stronger differences in their gene expres-

ion than higher associative areas. Such hierarchy was underpinned by

eceptor density studies ( Nørgaard et al., 2021 ; Zilles and Palomero-

allagher, 2017 ). 

That brain regions differ in their transcriptome is well-known

rom animal studies. For example, a system-specific dispersion of cell

ypes was reported by single-cell transcriptomic studies in rodents

 Economo et al., 2018 ; Tasic et al., 2018 ; Zeisel et al., 2015 ). Differ-

ntial GABA A subunit gene expression was shown in hybridisation stud-

es in rodent brain regions ( Sieghart & Sperk, 2002 ). The present data

llow to move one step further, and demonstrate that the human sen-

ory systems are not only specified by their receptor density ( Zilles and

alomero-Gallagher, 2017 ; Zilles et al., 2017 ), but by an area-specific

xpression of their receptor (subunit) genes. Metabotropic receptor den-

ities covaried with the receptor gene expression. Exemplarily shown for

he M 2 receptor, which has the highest densities in primary areas of sen-

ory systems. 

A surface-based gene map was computed for the ionotropic recep-

ors to visualise differential gene expression, which was then further

nalysed. Interestingly, a different subset of GABA A receptor subunits

as expressed in the auditory compared to the visual system. Corre-

ation analysis of GABA A subunit genes revealed gene pairs which co-

aried over all analysed areas and reached its maximum in the audi-

ory system. A coupling of subunit genes was also found in a recent

tudy analyzing the GABA A expression with the Allen Human Brain la-

els ( Sequeira, Shen, Gottlieb, & Limon, 2019 ). In this study, genes were

orrelated in two datasets, the AHBA microarray dataset and the mRNA-

eq dataset of the ADTBI study. The findings of Sequiera et al. in the

icroarray dataset correspond to those of our study. However, there

re also some differences including the factors aging, dementia and TBI.

ased on RNA sequencing (ADTBI dataset), the study reported correla-

ions, e.g. for 𝛼2 , 𝛾1 vs 𝛾2 . This was also a finding of the present study,

ut it did not pass FDR correction. An important difference is related to

he underlying brain atlas and parcellation scheme. The present study

s based on cytoarchitectonically defined areas of the Julich-Brain atlas,

hich provide a biological correlate of functional differences between

rain areas. However, areas do not necessarily respect anatomical land-

arks, and their borders do not coincide with sulcal or gyral pattern

n many brain regions ( Amunts & Zilles, 2015 ). Thus, cytoarchitectonic

robabilistic maps are expected to be more sensitive and to reveal addi-

ional information for those areas in particular, where the relationship

etween areal borders and sulci is week, e.g. higher associative areas.

his allowed to disclose in the present study new correlations e.g. pos-

tive correlations of 𝛽2 , 𝛾2 , 𝛼1 with the 𝛿- subunit and positive corre-

ations of the 𝛼3 - and 𝛽1-subunit which are negative correlated to the

ajor isoform and mainly expressed in the auditory system (Fig. S7). 

Tight coupling of subunit genes provides strong evidence for the

real receptor composition. There is one small limitation – the absolute

oncentration of m-RNA is not known due to the normalization proce-

ure in the Allen Human Brain Atlas. It is well accepted, however, that

ariations in the subunit composition of a receptor change the phys-

ological properties of the receptor, i.e. conductivity, ligand binding,

eceptor trafficking and recycling ( Farrant & Nusser, 2005 ; Groc et al.,

006 ; K. B. Hansen et al., 2018 ) and may therefore specify the areas

f a sensory system besides the receptor density ( Zilles and Palomero-

allagher, 2017 ). It was found that the major isoform correlated with
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A  
he receptor density and other isoforms showed a system-specific reg-

lation. In the auditory system the NMDA subunit gene GRIN3A was

pregulated. This subunit is known to prevent spiking and is associated

ith synaptic loss during development ( Perez-Otano, Larsen, & Wessel-

ng, 2016 ; Roberts et al., 2009 ), but may have a function in the au-

itory system at concentrations which are 5-fold lower than postnatal

 Henson et al., 2008 ). 

The multimodal approach of the present study enables to character-

ze a brain area by the gene expression fingerprint and unravel its differ-

ntial gene expression for ionotropic receptors. This areal receptor gene

xpression could be related to its functional system, despite the method-

logical and interindividual variability of different modalities. Although

here are many regulatory steps from the receptor m-RNA to a functional

ynaptic receptor (splicing, translation, post-translational modification,

olding, assembly, trafficking and integration in the plasma membrane),

he transcriptomic data strongly correlated with values from quantita-

ive autoradiography of the corresponding receptors. The tight coupling

f receptor subunit genes across brain areas and the upregulation in dif-

erent functional systems argues for a functional adaption of receptor

omplexes. These structural receptor changes influence the physiologi-

al properties and might specify brain areas besides receptor density. 

This study showed a remarkable correlation between gene expression

attern, cyto- and receptor architecture. It must be mentioned, how-

ver, that receptor genes (although important for signal transduction

nd therefore of high functional relevance) represent only one category

f genes that contribute to the specifity of a brain area. 85% of the hu-

an genes are expressed in at least one brain area with potential func-

ional regulatory mechanisms for the brain area (M. J. Hawrylycz et al.,

012 ; Negi & Guda, 2017 ). Here we demonstrated a method to unravel

he influence of gene expression pattern on a cytoarchitectonic brain

rea and relate the results to the functional system of which the brain

rea is part. 

In conclusion, the receptor gene expression is correlated with re-

eptor density as obtained from autoradiograms. These gene expression

atterns are specific for the functional systems addressed in the present

tudy, and they change within a functional system along a functional

ierarchy, i.e. from primary to higher associative areas. For ionotropic

eceptors the major isoform correlated with the receptor density. A sub-

et of receptor subunit genes is differentially expressed in different func-

ional systems. E.g. in the visual system only GABA A subunit genes of

he major isoform are upregulated, whereas in the auditory system other

eceptor subunits seem to play a more important role. We hypothesize

hat this exchange in receptor subunits contributes to the specificity of

he functional system besides the areal receptor density. For the sen-

ory and motor systems of this study a differential receptor gene expres-

ion can be observed. We hypothesize that a hierarchical receptor gene

xpression is also characteristic of other functional systems, including

ssociation areas and subcortical nuclei. 

Besides regional differences of receptor densities, the analysis of the

eceptor balance is relevant for studying the healthy brain, and brain of

atients ( Palomero-Gallagher et al., 2012 ), chemical neuromodulation

nd drug efficiency ( Cools, 2019 ). Positron Emission Tomography (PET)

llows to study the living human brain, and whole brain maps of the

erotonergic, GABA-ergic and domanigergic transmitter systems have

een provided in the past few years ( Beliveau et al., 2017 ; Cools, 2019 ;

ørgaard et al., 2021 ). Moreover, the mRNA expression for individual

ubunits in the GABAA and benzodiazepine receptor density have been

rovided ( Nørgaard et al., 2021 ). The current approach supplements

n vivo imaging approaches based on PET, and allows to reach a high

patial resolution, down to the laminar level. Capturing variations of re-

eptor concentrations within the cortical cross section is relevant for the

onnectivity of an area, and consequently relevant for brain function. In

ddition, it allows to compare different receptor types, and to study their

alance, which is key to achieve a deeper understanding of pathomech-

nisms, e.g., in epilepsy, but also pain perception ( Luo, Kusay, Jiang,

hebib, & Balle, 2021 ), but not possible in the living human brain. Re-
9 
eptor maps are the basis for predictions of in-vivo PET studies therefore

his data has a high synergistic potential. The cytoarchitectonic and re-

eptorarchitectonic data are available in the Julich-Brain and accessible

ia Ebrains ( https://kg.ebrains.eu ). 
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