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INTRODUCTION: The brain is the most com-
plex organ of the mammalian body, boasting
a diverse physiology combined with intricate
cellular organization. In an effort to expand our
basic understanding of the neurobiology of the
brain and its diseases, we performed a com-
prehensive molecular dissection of the main
regions of the human, pig, and mouse brain
using transcriptomics and antibody-basedmap-
ping. With this approach, we have identified
regional expression profiles and observed sim-
ilarities and differences in expression levels be-
tween these three mammalian species.

RATIONALE: There is a need for a comprehen-
sive overview of genes expressed in the mam-
malian brain categorized by organ, brain region,
and species specificity. To address this need, a
brain-centered knowledge resource of RNA and
protein expression in the brain of three mam-
malian species has been created and used for
cell topological analysis, systems modeling, and
data integration. The regional expression of all
protein-coding genes is reported, and this clas-

sification is integrated with results from the
analysis of tissues and organs of the whole
humanbody.All generateddata, includinghigh-
resolution images and metadata, have been
made publicly available in an open-access Hu-
man Protein Atlas (HPA) Brain Atlas.

RESULTS: The global analysis suggests similar
regional organization and expression patterns
in the three mammalian species, consistent
with the view that basic brain architecture is
preserved duringmammalian evolution. How-
ever, there is considerable variability between
species for many neurotransmitter receptors,
in particular between human andmouse. This
calls for caution when using the mouse as a
model system for the human brain, for exam-
ple, in attempts to develop therapeutic strat-
egies. For some of the brain regions, such as
the cerebellum and hypothalamus, the human
global expression profile is closer to that of the
pig than it is to that of the mouse, suggesting
that the pig might be considered a preferred
animal model to study many brain processes.

We show that many “signature genes” iden-
tified previously for specific brain cell types
(such as astrocytes, microglia, oligodendrocytes,
andneurons) are expressed at even higher levels
in peripheral organs. In fact, our results support
a view of shared functions betweenmany genes
in microglia and immune cells, and a large
number of genes previously identified as signa-
ture genes for astrocytes are shown to be shared

with liver or skeletal mus-
cle. The cerebellum stands
out as having a distinct
molecular signature with
many regionally enriched
genes. Several genes sug-
gested to be involved in

neuropsychiatric diseases are selectively ex-
pressed in the cerebellum.

CONCLUSION: The integration of data from sev-
eral sources has allowed us to combine data
from transcriptomics, single-cell genomics, in
situ hybridization, and antibody-based protein
profiling. This integrative approach formapping
the molecular profiles in the human, pig, and
mouse brain has generated a detailed multi-
level genome-wide view on the protein-coding
genes of the mammalian brain, where we com-
pared tissue specificity across thewhole body, as
classified in theHPA (www.proteinatlas.org). The
open-accessHPABrainAtlas resource offers the
opportunity to explore individual genes and
classes of genes and their expression profiles in
the various parts of the mammalian brain.▪
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Genome-wide transcrip-
tomics analysis of anatomi-
cally dissected regions in
mammalian brains un-
covers regional and
species-specific expres-
sion. Multiple regions of the
human, pig, and mouse brain
were dissected and analyzed.
A uniform manifold approxi-
mation and projection
(UMAP) analysis (middle)
shows the global expression
patterns of 1710 samples in
the human brain, with the
cerebellum as the outlier.
The HPA Brain Atlas (right)
shows the expression of indi-
vidual genes, for example,
synaptosomal-associated
protein 25 (SNAP25), in the
different brain regions in the
three mammalian species.
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The brain, with its diverse physiology and intricate cellular organization, is the most complex organ of
the mammalian body. To expand our basic understanding of the neurobiology of the brain and its
diseases, we performed a comprehensive molecular dissection of 10 major brain regions and multiple
subregions using a variety of transcriptomics methods and antibody-based mapping. This analysis was
carried out in the human, pig, and mouse brain to allow the identification of regional expression profiles,
as well as to study similarities and differences in expression levels between the three species. The
resulting data have been made available in an open-access Brain Atlas resource, part of the Human
Protein Atlas, to allow exploration and comparison of the expression of individual protein-coding genes in
various parts of the mammalian brain.

T
he brain is an extraordinarily complex
organ owing to its diverse physiology,
complex cellular organization, and abun-
dance of expressed genes. Identifying the
molecular organization of the brain at

regional, cellular, and subcellular levels will
advance our understanding of its function
under normal and diseased conditions. The
Human Protein Atlas (HPA) program aims to
combine antibody-based profilingwith genome-
wide transcriptomics analysis to explore the
spatial expression levels of transcripts and
proteins across cells, tissues, and organs (1).
The Tissue Atlas (1, 2)—a subsection of the
HPA—includes only a limited number of hu-
man brain regions (the cerebral cortex, hip-
pocampus, caudate nucleus, and cerebellum).
Here, we describe genome-wide expression
profiles for the protein-coding genes in 10
major well-definedmammalian brain regions
to capture the complexity of the cellular or-
ganization. To identify differences and sim-
ilarities of the brain in different phylogenetic
orders, the expression profiles have been an-

alyzed in three species: primates (human),
Cetartiodactyla (pig), and Rodentia (mouse).
The effort described here is complementary

to several brain mapping projects focused on
basic organization and regional or cellular gene
expression of the mammalian brain. The Allen
Institute for Brain Science (https://alleninstitute.
org) hosts several knowledge resources, in-
cluding an in situ hybridization atlas of the
adult (3) and developing (4) mouse brain; and
a microarray-based atlas of the adult human
brain (5) has been complemented with a map
of the human brain during development (6).
More recently, brain atlas strategies have been
launched on the basis of different approaches:
fluorescence-activated cell sorting in mouse
(7), antibody-based cell sorting in human (8),
single-cell gene expression in mouse (9) and
human (10, 11), and covariation analysis of
transcriptomics expression (12). These efforts
have been further complemented with several
large-scale mapping programs, including the
National Institutes of Health (NIH) BRAIN
Initiative Cell Census Network (13), the Euro-
pean Human Brain Project (14), the NIH Hu-
man BioMolecular Atlas Program (15), and the
Human Cell Atlas project (16).
Here, we present the HPA Brain Atlas (17),

where the data collected have been used for
cell topological analysis, systems modeling,
and data integration, with the aim to create a
knowledge resource ofmessengerRNAandpro-
tein expression in the mammalian brain. We
complement the transcriptomics with antibody-
based protein profiles of selected proteins in
multiple regions of the mouse brain. In this
open-access resource, transcriptomics data from

three external sources—the Genotype-Tissue
Expression (GTEx) portal (18), the Function-
al Annotation of Mammalian Genomes 5
(FANTOM5) project (19), and the AllenMouse
Brain Atlas (3)—are presented together with
RNA profiles and protein stainings generated
“in-house.” The classification of all protein-
coding genes with regard to brain regional
specificity is reported, and this is integrated
with the tissue and organ specificity across the
human body.

Transcriptomics analysis of the human brain

Transcriptomics analysis was performed on
anatomically dissected human, pig, andmouse
brain regions (Fig. 1A and figs. S1 to S3). For
the human brain, we integrated publicly avail-
able RNA sequencing (RNA-seq) data gener-
ated by the GTEx consortium (18) and cap
analysis of gene expression (CAGE) data from
the FANTOM consortium (19), with data from
the HPA (1), for a total of 1710 samples from
selected human brain regions (table S1). The
combined dataset contains 23 human brain
regions, including whitematter (corpus callo-
sum) and spinal cord, as outlined in Fig. 1B.
Several issues complicate the combining of
datasets. First, samples may not be homoge-
neous, especially for regions with a high level
of cellular heterogeneity, such as the hypo-
thalamus,midbrain, pons, andmedulla oblong-
ata. Furthermore, bothHPA andGTEx data are
based on RNA-seq protocols using polyadenyl-
ate [poly(A)] tail enrichment, whereas CAGE
data are based on the selection and sequenc-
ing of the 5′ cap. As a result, genes lacking the
poly(A) tail, such as canonical histonemRNA,
are only detected by CAGE. Despite these com-
plications, the large number of included sam-
ples and our gene classification approach enable
us to generate a comprehensive overview of bio-
logically relevant gene expression and regional
and species variation.
We used normalization strategies to avoid

batch effects caused by sampling, technology
platforms, and differences in transcriptome
size between different types of tissues and
also to allow both within-sample and between-
sample comparisons (20, 21). The within-sample
normalization was based on protein-coding
transcripts per million (pTPM), while the
between-sample normalization was based on
trimmedmeans ofM values (TMM) (22), Pareto
scaling per gene (23), and limma (24), resulting
in normalized expression (NX) values calculated
for all genes across all tissue types, as out-
lined in Fig. 1C and described in detail in the
supplementary information (figs. S4 to S6).
The uniform manifold approximation and

projection (UMAP) (fig. S7) of all 1710 human
brain samples shows the expected global ex-
pression patterns after normalization. Devel-
opmentally related anatomical regions cluster
together, with the cerebellum being an outlier
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compared with other brain regions. No bias
between the different platforms for transcrip-
tomics analysis (HPA, GTEx, and FANTOM)
was observed. The expression data for all an-
alyzed human brain regions covering 19,670
human protein-coding genes are presented
in a gene-specific manner in the HPA Brain
Atlas (see below). The regional expression data
in the human brain include 15,157 protein-
coding genes detected in at least one region of
the brain, ranging from 13,068 to 14,332 ex-
pressed genes per brain region (fig. S8).

Transcriptomics analysis of the pig brain

Brain transcriptome analysis of two male and
two female adult pigs (Bama minipig, aged
1 year) was performed for anatomically dis-
sected brain regions covering the whole brain,
as outlined in table S2. The pig brain was di-
vided into 30 anatomically definedbrain regions
(Fig. 1B). A normalization protocol using TMM
and Pareto scaling was used, as outlined in
fig. S4. A UMAP analysis of the transcript ex-
pression profiles of all samples (fig. S9) indi-

cates the overall similarity between subregions
and illustrates the expression variation be-
tween the cerebrum regions and regions of the
brainstem. On the basis of the pig gene build
Ensembl 92 and a detection cutoff at NX = 1, a
total of 18,686 genes were detected in the pig
brain, with 15,601 to 17,394 genes detected in
individual brain regions (fig. S10). Expression
data for 14,656 protein-coding geneswith a one-
to-one pig ortholog can be found in the gene-
specific pages of the HPA Brain Atlas (17).

Transcriptomics analysis of the mouse brain

A genome-wide transcriptomics analysis was
performed on multiple regions of two male
and two female adult mice (C57bl/6n, aged
2 months). The mouse brain was divided into
17 anatomically defined brain regions (table
S3). A normalization protocol using TMM and
Pareto scaling was used, as outlined in fig. S4.
The UMAP plot of the global expression pat-
terns shows the expected pattern with devel-
opmentally related anatomical regions clustering
together (fig. S11). On the basis of a cutoff for

detection at NX = 1, a total of 15,823 brain-ex-
pressed mouse genes were detected, with 12,977
to 14,402 genes per brain region (fig. S12). Data
for 15,160 protein-coding genes with a mouse
one-to-one ortholog are presented in the gene-
specific pages of the HPA Brain Atlas (17).

Genome-wide classification of all
protein-coding genes based on regional
brain expression

Expression data for the various brain regions
of the three species were summarized into 10
main regions (Fig. 2, A to C). On the basis of
themaximumexpression in any of the analyzed
subregions, a consensus result of the 10 regions
for three species was generated. These re-
gions are the olfactory bulb, all cerebral cor-
tex regions, subfields of the hippocampus, the
amygdala, regions of the basal ganglia, the hy-
pothalamus, the thalamus, subfields of the
midbrain, the pons and medulla oblongata,
and the cerebellum (Fig. 1B). A hierarchical
clustering of the 10 main regions was per-
formed using the global expression profiles
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Fig. 1. Genome-wide transcrip-
tomics analysis of anatomically
dissected regions in mamma-
lian brains. (A) Multiple regions
of the human, pig, and mouse
brain were dissected and analyzed
using transcriptomics methods.
(B) A summary of the included
brain subregions, with 23 human,
30 pig, and 17 mouse samples, in
10 main brain regions (for an
anatomical overview, see figs. S1
to S3). The subregions are as
follows: olfactory bulb, ob;
prefrontal cortex, pf; frontal lobe,
fr; motor cortex, mo; cingulate
cortex, cg; retrosplenial cortex,
rt; somatosensory cortex, ss;
paracentral gyrus, pa; postcentral
gyrus, pc; temporal lobe,
tp; insula cortex, in; occipital lobe,
oc; entorhinal cortex, en; subicu-
lum, sb; amygdala, am; hippo-
campus, hc (ventral, hv, and
dorsal, hd); nucleus accumbens,
na; ventral pallidum, vp; globus
pallidus, gp; putamen, pu; caudate
nucleus, cn; caudate putamen,
cpu; septum, sp; hypothalamus,
hy; thalamus, th; substantia nigra,
sn; midbrain, mb; superior
colliculus, sc; periaqueductal gray,
pg; pons, po; locus coeruleus,
lc; medulla oblongata,
my; cerebellum, cb; corpus
callosum, cc; spinal cord,
spc (dorsal, sd, and ventral, sv). (C) Overview of the data normalization approach, combining five separate datasets. Total gene numbers for respective datasets are
shown, as well as genes overlapping and nonoverlapping between datasets (see fig. S5 for extended version).
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of all the protein-coding genes. The results for
each of the threemammalian brains are shown
in Fig. 2, D to F, with details in fig. S13. The
hierarchical trees show a similar structure,
with the cerebellum as an outlier in all three
species and with the three cerebrum regions
(cerebral cortex, hippocampus, and amygdala)
close together, next to the basal ganglia. Sim-
ilarly, the three brainstem regions (midbrain,
thalamus, and pons and medulla) cluster to-
gether in all three species, next to the hypo-
thalamus. The analysis confirms that the global
expression patterns in the different regions
of the three mammalian brains are preserved
during mammalian evolution.
To identify regionally specific molecular fea-

tures, regionally elevated genes were classified
according to their expression across the 10main
brain regions. Elevated genes were further strat-
ified into regionally enriched (fourfold higher
expression compared with any other brain re-
gion), group enriched (several brain regions
with fourfold higher values than all other re-
gions), and regionally enhanced (fourfold higher
expression than the average expression of the
10 regions). Genes not elevated in a single re-
gion or group of brain regions are classified
as genes with low regional specificity (the clas-
sification is described in detail in table S4).
This classification was performed across all
protein-coding genes on the basis of NX val-
ues. The numbers of regionally enriched, group

enriched, and regionally enhanced genes are
shown in fig. S14 and in the HPA Brain Atlas
resource (see below). Heatmaps show the dis-
tribution of regionally enriched, group-enriched,
and regionally enhanced genes in the 10 regions
of the human (fig. S15), pig (fig. S16), andmouse
(fig. S17) brain. In all three species, the cere-
bellum contains the largest number of re-
gionally enriched genes, while most group
enriched genes are shared among the regions
of the cerebrum and brainstem, respectively
(fig. S18).

Comparative analysis of transcriptomics,
in situ RNA hybridization, and
immunofluorescence protein staining

A comprehensive and extensively used mouse
brain gene expression atlas has been gener-
ated by the Allen Institute using probe-based
in situ transcriptomics (3). In the HPA Brain
Atlas, we have integrated expression profiles
from the Allen Brain Atlas for all mouse genes
(with a human one-to-one ortholog) with the
HPA-generated RNA-seq and antibody-based
protein distribution data. The two transcrip-
tomics sets are highly complementary, because
RNA-seq expression data provide sensitive
quantitative transcript information, although
these data have the disadvantage that mixtures
of cell types are analyzed. The in situ hybridiza-
tion data provide spatial expression data on a
single-cell level, but this probe-based method

is less quantitative than the count-based RNA-
seq method. In addition, for selected proteins,
an immunofluorescence protein distribution
map was generated, allowing visualization of
protein distribution on a cellular level, includ-
ing neuronal processes, with high spatial res-
olution. An advantage of this protein staining
is that anatomically stacked images can be
generated, and this has allowed us to anno-
tate more than 120 regions and subfields of
the brain. Together, the three complementary
datasets provide genome-wide regional pro-
files of the protein-coding genes and their ex-
pression in the different regions of the brain.
The results are displayed in the HPA Brain

Atlas, and this resource allows for compar-
isons of the HPA data (RNA-seq), the probe-
based in situ hybridization (ISH), and the
antibody-based protein immunofluorescence
(IF) staining for all 10 regions of the mouse
brain, as exemplified for five genes in Fig. 3A.
Insulin-like growth factor binding protein 5
(IGFBP5) is shown to be expressed in all ana-
lyzed regions of the mouse brain according
to all datasets. However, both the mRNA loca-
tion (ISH) and immunoreactivity (IF) reveal
a distinct expression pattern in the mouse
olfactory bulb with expression in mitral cells,
localized both in soma andproximal dendrites.
For NECAB1, an N-terminal EF-hand calcium
binding proteinwith unknown function, brain-
wide expression is also observed. The ISH and
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Fig. 2. Regional comparison based on global expression in three mammalian species. (A) Uniform manifold approximation and projection (UMAP) analysis
showing the global expression patterns of all samples in 10 human brain regions (1616 total) from HPA, GTEx, and FANTOM. (B) UMAP plot of pig brain samples in
10 regions (107) used for mapping regional transcript expression in the pig brain. (C) UMAP plot of mouse brain samples in 10 regions (64) analyzed in this
study from the mouse brain. (D) Hierarchical clustering based on pair-wise Spearman correlation of the transcript expression levels in 10 main brain regions is shown.
(E and F) Same as (D), but for pig and mouse brain regions, respectively.

RESEARCH | RESEARCH ARTICLE
on M

arch 5, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


the IF data indicate a distinct neuronal ex-
pression of NECAB1 in subsets of neurons in
various regions of the thalamus and forebrain,
including pyramidal neurons in the cerebral
cortex. The (nor)epinephrine uptake trans-
porter (SLC6A2), also called NET1, is an ex-
ample of an apparent partial discrepancy
between the RNA and the protein location:
The RNA transcript is detected in cell bodies
of the locus coeruleus in the pons with an
expression pattern resembling that of the
well-characterized (nor)epinephrinergic neu-
rons. However, this transporter protein can-
not be detected in the cell bodieswith IF. This
is becauseNET1 is rapidly transported into the
extensive axonal network. Adenylate cyclase–
activating polypeptide 1 (ADCYAP1) is known
to stimulate the generation of cyclic adenosine
monophosphate (cAMP), and all three data-
sets show widespread expression across the
brain regions, with the highest levels in the
hypothalamus and amygdala. In the latter
region, ISH shows that this gene is expressed
by cells located in the cortical amygdaloid
nucleus, whereas protein labeling is found
in nerve terminals in the central amygdaloid
nucleus, which is known to receive an input

from the cortical amygdala. The results sug-
gest that this protein is primarily presynaptic
and support a role in cAMP-mediated synap-
tic plasticity. Expression of the orphan G
protein–coupled receptor 151 (GPR151) can be
visualized both with ISH and IF in neuronal
cell bodies in the habenular nucleus of the
mouse thalamus. However, the protein stain-
ing also shows the projection from the thal-
amus to the interpeduncular nucleus in the
midbrain. This orphan receptor is thus visual-
ized in the neuronal soma, in axons running in
the fasciculus retroflexus, and in the presyn-
aptic terminals. This expression pattern can
also be shown using three-dimensional imag-
ing of solvent-cleared brain (iDISCO) en-
compassing a whole mouse hemisphere (Fig.
3B). In addition, this analysis revealed that
a portion of the axons pass the interpedun-
cular nucleus and innervate the parabrachial-
pericoerulear region. Movie S1 shows the
three-dimensional location of this orphan
receptor. Together, these examples illustrate
how combining three different approaches for
spatial transcriptomics and proteomics results
in insights offering detailed information on
cellular expression and protein location.

Species comparisons of regional brain
expression
To compare the expression profiles in the
three mammalian brains, all genes with one-
to-one orthologs in human, mouse, and pig
were identified, and a total of 12,999 protein-
coding genes were analyzed (fig. S19A). Addi-
tional genes can be included in the analysis
in the future, as additional one-to-one gene
orthologs are identified. A combined hierar-
chical tree including all regions of the three
species based on all regionally elevated genes
across the 10 main regions is shown in Fig. 4A.
The results again support a preserved brain ar-
chitecture, where the hypothalamus and cer-
ebellum of all three species cluster in proximity
to each other. Similarly, the brainstem regions
and the cerebrum regions cluster together.
Neighboring regions from one species cluster
together, but clustering is less tight for cor-
responding regions fromdifferent species. The
olfactory bulbs from pig and mouse are clus-
tered tightly together, and the outlier is the
olfactory bulb from humans, which shows
similarities with the cerebrum regions of hu-
mans. Thismight be due to sampling error, as
discussed above, but could also reflect the
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Fig. 3. Comparison of mouse regional data from transcriptomics, in situ
hybridization, and immunofluorescence. (A) Examples of expression
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RNA-seq (this study), in situ hybridization (ISH) data from the Allen Brain
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activating polypeptide 1 (ADCYAP1); and G protein–coupled receptor 151
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more extended pig and rodent olfactory sys-
tems, which have olfactory bulbs that are
larger than the more rudimentary human
olfactory bulbs.
To analyze the differences in elevated genes

in the three species, the regionswere organized
into four main brain structures (cerebrum,
brainstem, cerebellum, and hypothalamus)
(Fig. 4A), and the molecular features of each
brain structure shared by all three species were
identified. Genes with the highest expression
in the same brain structure in all three spe-
cies with enriched expression in at least one
species were identified, and a list of 537 genes
was obtained (fig. S19B). Heatmaps of the
expression levels of these 537 brain structure–
enriched genes are displayed in Fig. 4B and
fig. S20, demonstrating the similarity of ex-
pression pattern for these genes across the
regions of the brain in the three species. Many
known genes are found among these 537 genes
with brain structure–enriched expression, in-
cluding the neuropeptides galanin, oxytocin,
and vasopressin (hypothalamus); transcription
factors such as T-box brain protein 1 (TBR1),
special AT-rich sequence-binding protein 2
(SATB2), and neurogenic differentiation fac-
tor 6 (NEUROD6) (cerebrum); and hox genes
(brainstem), but less well characterized genes

are also found (table S5). The former include
the G protein subunit alpha L (GNAL), which
is highly expressed in the basal ganglia and
known to couple to adenosine A2A and dopa-
mine type 1 receptors (Fig. 4C) (25). The pro-
tein staining suggests synaptic location in the
caudate nucleus or caudate putamen of all
three species. Similarly, cerebellum-enriched
transmembrane protein 266 (TMEM266, also
known as HVRP1) is selectively detected in the
synaptic glomeruli in the granular layer in all
three species (Fig. 4C). This detection is in line
with the reported role of this postsynaptic pro-
tein in the communication between mossy
fibers and granule cells (26).
The normalized data also allowed us to

identify genes with differential brain expres-
sion across the three species. Volcano plots
show the overall fold difference in gene ex-
pression based on the 10 regions (figs. S21 to
S23 and table S6), and these data were com-
bined in scatterplots (figs. S24 to S26) showing
species-specific molecular features (one versus
two species). Many proteins show similar ex-
pression in the three species, as exemplified
in Fig. 4D for transcription factor AP-2-beta
(TFAP2B) expressed by g-aminobutyric acid–
releasing (GABAergic) interneurons (27), in-
cluding stellate cells, in all three species.

However, many differentially expressed genes
associated to specific brain functions could
also be identified, such as the low expres-
sion of the astrocytic genes glial fibrillary
acidic protein (GFAP) and clusterin (CLU) in
mouse compared with human and pig. For
each of the 10 brain regions, a triangle plot
indicates the relative expression of each gene
in the three species (fig. S27). As an example,
secretagogin (SCGN) is an EF-hand calcium
binding protein expressed in the olfactory
bulb (28) that is also seen in the stellate cells in
the molecular layer of the human cerebellum.
This contrasts with pig and mouse, where this
protein cannot be detected in the cerebellum
(Fig. 4D).

The neurochemical architecture of the
mammalian brain

Brain functions are driven by complex circuits
composed of different types of neurons with
chemical phenotypes adapted to receive and
generate signals. To identify species similar-
ities and variations that characterize these
types of neurons and their neurotransmitter
systems, as well as other classes of cells, we
analyzed the distribution of cell identity genes
in all three mammalian species. These include
(i) transcription factors (n = 1053 genes), which
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Fig. 4. Species comparison of regional
expression in the mammalian brain.
(A) The expression levels of 1422 genes
classified as regionally elevated in either
human, pig, or mouse were used for
hierarchical clustering analysis, showing
the relationship of the 10 main brain
regions from the three species.
(B) A heatmap showing the expression
levels in the different brain structures
in human (H), pig (P), and mouse (M)
brain of enriched genes shared by
the three species, based on brain
structure comparison shown in Venn
diagrams (fig. S19B). The same
expression data, but visualized with
the 10 regions of the brain, are shown in
fig. S20. (C) Examples of regionally
enriched genes in the mammalian brain
and the protein location shown using
immunofluorescence. GNAL is enriched
in basal ganglia of human and pig brain,
and this protein shows highest expression
in basal ganglia (neuropil) in all three
species. TMEM266 is cerebellum-
enriched in all three species and located
in synaptic glomeruli of the granular
layer. (D) SCGN is expressed in the
olfactory bulb in all three species with
a higher expression in granule cells (gl) in
the mouse and pig. In cerebellum,
SCGN is only expressed in the molecular layer (ml) of the human and is not detected in pig or mouse cerebellum. In contrast, the transcription factor TFAP2B,
coexpressed with SCGN in human, is expressed in the molecular layer of the cerebellum in all three species. External plexiform layer, pl. Scale bars, 50 mm.
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are essential for differentiation and mainte-
nance of cell identities in the postmitotic brain
(29); (ii) cell identity genes, including neuro-
peptides, proteins, and enzymes responsible
for the production, transport, and clearance of
neurotransmitters (n = 63); and (iii) all known
neurotransmitter and neuropeptide receptors
and receptor subunits (n = 118). Comparing
the correlation values between species for
these protein classes reveals a higher correla-
tion for transcription factors (P < 0.001), cell
identity genes (P < 0.001), and receptors (P <
0.01) relative to the gene expression of all other
11,765 genes with their one-to-one ortholog
(Fig. 5A).
We found that expression of some transcrip-

tion factors is highly conserved across the

three species, while other transcription factors
have a less-maintained expression profile, thus
affecting the overall correlation (fig. S28). Ex-
amples of some of the transcription factors
with conserved distribution across the brain
regions are illustrated in Fig. 5B. Homeobox
protein 1 (EMX1), known to be expressed by
most of the neurons in the cerebral cortex
and hippocampus (30), has a similar expres-
sion pattern and expression levels in all three
species. Class E basic helix-loop-helix protein
22 (BHLHE22, or Bhlhb5), which regulates
postmitotic differentiation of cortical neurons
(31), has a highly similar expression pattern in
the cerebrum regions. In contrast, expression
of the transcription factor SIX6 is restricted to
the hypothalamus of all three species, which

is in line with earlier reports (32). Pituitary
homeobox 3 (PITX3) is mainly expressed in
the midbrain in all three species, with the
highest expression in the substantia nigra in
pig, also supporting earlier observations that
PITX3 plays a role in the development of do-
paminergic neurons of the substantia nigra in
mice (33). Homeobox protein Hox-B5 (HOXB5)
is specifically expressed in the pons–medulla
oblongata region, supporting the observation
that Hox genes are expressed in the hindbrain
and known to be important for the segmental
patterning of this part of the brain. Neurogenic
differentiation factor 1 (NEUROD1) is essential
for the development of the cerebellum in rats
(34). We find that this transcription factor is
restricted to the cerebellum in all three species
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Fig. 5. Expression profiles of cell identity genes in
the mammalian brain. (A) Overall Pearson correlation
between species for transcription factors (red),
genes involved in the production and processing of
neurotransmitters and neuropeptides (blue), and
metabotropic and ionotropic neurotransmitter and
neuropeptide receptors (green) in contrast to all other
genes (dark blue). (B) Examples showing the relative
expression in the 10 regions of human, pig, and mouse
brains display elevated expression in developmental
and anatomical defined regions of the brain.
(C) Comparing the relative distribution of the mono-
aminergic systems and (D) selected neuropeptide
genes reveals a conserved pattern of expression,
especially of the enzymes responsible for the produc-
tion of dopamine (TH, DDC), noradrenaline (+DBH),
adrenaline (+PNMT), and serotonin (TPH2) as well as
the opioid peptide proenkephalin (PENK). Although
many neurotransmitter receptors show a similar
distribution profile [DDRs, ADRs, HTR1A, and 5-
hydroxytryptamine receptor 6 (HTR6)], several excep-
tions with clear on/off differences between species
could be observed, especially in the cerebellum
(HTR5A, OPRM1, OPRD1, CCKBR, and NPFFR1).
(E) Relative expression of all GABAA receptor subunits
in the cerebral cortex and cerebellum and (F) nicotinic
receptor subunits in all three species suggests
alternative nicotinic subunit composition in different
species, especially the pig. (G) Four brain-elevated
orphan GPCRs (GPR6, GPR52, GPR88, and GPR149)
are elevated in the caudate and putamen,
whereas GPR150 is group-enriched in the forebrain
regions. The nonvisual photoreceptor melanopsin
(OPN4) is only expressed in the human basal
ganglia. Missing values (gray bars) are due to missing
one-to-one orthologs or genes not included in
all used datasets. (H) The relative distribution
of brain-elevated GPCRs with unknown function
reveals widespread expression of the orphan
GPR37L1 and GPR162, including the cerebellum,
whereas GPRC5C expression is elevated in cerebellum.
Scale bars, 40 um. Full overviews with NX for all
transcription factors, neurotransmitters, and GPCRs
are available in figs. S28 to S30.
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(Fig. 5B). Notably, NEUROD1 is also expressed
in retina of mouse and pig but not human
(see gene-specific page of HPA Brain Atlas).
An example of a transcription factor with a
differential regional expression pattern is
eomesodermin (EOMES, or TBR2), which has
a high expression level in the human cerebel-
lum but is expressed mainly in the olfactory
bulb in the mouse brain. In pig, however, this
transcription factor is expressed at equal levels
in the cerebellum and olfactory bulb. Overall,
these results show an evolutionarily preserved
distribution and regulatory role of some of the
transcription factors, which likely provide a
foundation for basic brain architecture during
evolution. However, these data also reveal sub-
stantial species variation in the distribution of
transcription factors, including many unchar-
acterized transcription factors not yet linked
to a cell type.

The neurotransmitters

The expression patterns of the proteins involved
in brain signaling were analyzed in the various
regions of the human, pig, and mouse brain,
revealing a strong correlation between all
species for genes essential for the production
and transport of neurotransmitters and pep-
tides (Fig. 5A). This confirms the known sim-
ilarities between species with regard to the
distribution of cell types and functions in the
brain. In Fig. 5C, the relative distribution of
molecular components of the neuromodula-
tory monoaminergic systems is shown, con-
sisting of the (nor)adrenergic, dopaminergic,
and serotonergic systems. In general, the en-
zymes responsible for the production of these
neurotransmitters are distributed similarly in
the three species, indicating a conserved or-
ganization in the mammalian brain, although
there are some exceptions that might have
neuropharmacological implications. For exam-
ple, lysergic acid diethylamide (LSD) has a high
affinity for several serotonin [5-hydroxytryptamine
(5-HT)] receptors (35). Rodents have genes
coding for serotonin receptors 5A and 5B
(HTR5A and HTR5B) (36), whereas humans
and pigs lost the gene for HTR5B during
evolution. In mouse, HTR5A and HTR5B are
expressed throughout the brain, with lowest
expression in the cerebellum. Human and pig
show a similar distribution to each other,
with the highest expression of HTR5A in the
cerebellum (Fig. 5C).
Another example of species differences is

tyrosine hydroxylase (TH), the rate-limiting
enzyme in the synthesis of the catecholamines
dopamine, noradrenaline, and adrenaline. TH
is expressed in the mouse olfactory bulb in a
substantial number of mainly periglomerular,
often GABAergic neurons, but this transcript
is under the detection cutoff in human and
pig. The human olfactory bulb does contain
TH-positive neurons (37) and, as mentioned

previously, the human results on the bulb
may be compromised by dissection problems.
Notably, the transcription factor PITX3 (Fig.
5B), known to bind with high affinity to the
TH promotor (38), shows a similar species
variation. The results also show a surprisingly
strong and wide distribution of phenyletha-
nolamine N-methyltransferase (PNMT) (Fig.
5C), the enzyme converting noradrenaline to
adrenaline. As expected, PNMT is present in
the pons and medulla oblongata of all three
species (39, 40), but unexpectedly high expres-
sion is found in mouse and human basal
ganglia, in mouse cortex, and in pig olfactory
bulb. A transient andwide expression of PNMT
transcript and protein has been observed in the
rat brain, but only during the first postnatal
month (39). A pronounced species difference
is also seen for the expression of the sodium-
dependent serotonin transporter (SLC6A4) ex-
pressed in the brain regions containing sero-
tonergic neurons in mouse and human, while
the pig has more widespread expression (Fig.
5C). It has earlier been reported (41) that the
expression of this transporter in the human
and mouse developing brain is widespread
before its expression is restricted to sero-
tonergic neurons in the adult brain. Thus, our
data suggest that SLC6A4 retains its develop-
mental distribution in adult pigs.
The analysis of the genes coding for neuro-

peptide systems also revealed similarities and
differences in expression between the species;
for example, in the opioid system there is a
highly conserved expression of the ligand pro-
enkephalin (PENK) combinedwith a dissimilar
regional expression of the delta (OPRD1) and
mu (OPRM1) opioid receptors, both G protein–
coupled receptors (GPCRs) (Fig. 5D). Our data
support earlier observations that OPRM1 is ex-
pressed in the human cerebellum (42) but not
in the mouse cerebellum (43), and here we
show that this receptor cannot be detected in
the cerebellum of pig. Instead, the expression
profiles show the presence of OPRD1 in the pig
cerebellum. The neuropeptide receptor NPFFR1
is here shown to be predominantly expressed
in the human cerebellum, although this re-
ceptor binds the opioid-modulating peptide
NPFF expressed in the cerebellum of all three
species. Similarly, the gastrin/cholecystokinin
type B receptor (CCKBR) is expressed in the hu-
man cerebellum, whereas the transcripts for the
ligands (cholecystokinin and/or gastrin) could
not be detected in this part of the brain. The
ligands may have an extracerebellar origin.
We subsequently analyzed the genes coding

for the g-aminobutyric acid type A (GABAA)
and nicotinic receptor subunits (nACHRs)
(Fig. 5, E and F). Both receptor types can
form ligand-gated ion channels with differ-
ent physiological properties by variations in
the subunit compositions. Many of the studies
related to these receptors have been performed

in mice and rats, and it is therefore also rele-
vant to compare the expression of the various
GABAA and nACHRs in humans and pigs. Vari-
ation in subunit composition between brain
regions has been reported (44), and it is known
that the a6 (GABRA6) subunit, which has the
highest potency for GABA, is only expressed
in the cerebellum, unlike receptors containing
the a1 and a2 subunits, which are more wide-
spread throughout the brain. Carriers of a
variant allele of the GABRA6 gene have an in-
creased risk for suicide (45), suggesting that
the cerebellum might be implicated in men-
tal disorders.
Comparing the expression of the GABA re-

ceptors in the three species suggests a con-
served subunit composition, as exemplified by
the subunit distribution pattern in cerebral
cortex and cerebellum (Fig. 5E). In contrast,
comparing the relative and absolute expres-
sion of nACHR subunits reveals a high degree
of phylogenetic differences between mouse,
human, and pig (Fig. 5F). For example, pigs
express low levels of neuronal acetylcholine
receptor subunit a4 (CHRNA4) but higher
levels of subunits a1 (CHRNA1), a3 (CHRNA3),
and a6 (CHRNA6) in the cerebral cortex and
basal ganglia compared with mouse and hu-
man. Furthermore, both human and pig ex-
press higher levels of the b1 subunit (CHRNB1)
compared with mice, and pigs express the
e subunit (CHRNE) in the basal ganglia only.
The b1, a1, and e subunits are all considered to
be exclusive mammalian muscular nicotinic
receptor subunits. The results presented here
therefore suggest alternative nicotinic recep-
tor composition in different mammalian spe-
cies and the possibility of “muscular” nicotinic
receptor subunits involved in the formation of
functional nicotinic receptors in the central
nervous system (CNS). These examples con-
firm the shared basic architecture of the
mammalian brain with regard to cell types,
neurotransmitter systems, and physiological
functions. However, we identified examples
of clear species variation in the expression lev-
els and distribution of receptors that suggest
an important role for receptors in brain evo-
lution and adaptation. This reinforces the
need for cautionwhen comparing the function
of, for examples, serotonergic, opioid, and cho-
linergic receptors on the basis of animal ex-
periments using rodents without considering
the expression pattern of the ortholog receptor
in humans. This is particularly important in
the context of drug development, given that at
least 30% of today’s prescribed drugs act via
GPCRs (46).

GPCRs with unknown functions

We next analyzed the expression profiles of all
GPCRs to explore differences and similarities
in expression pattern across the brain regions
in the three mammalian species (fig. S30).
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These GPCRs include many olfactory recep-
tors with highest mRNA levels in the olfac-
tory bulb, possibly located in the axons of the
olfactory receptor cells. In addition to the
GPCRs associated with olfaction and neuro-
transmission, we identified several human
orphan GPCRs with brain-elevated expression
(n = 30 genes). These include the GPR37L1
and GPR162 expressed inmany brain regions
(Fig. 5G), such as the cerebellum (Fig. 5H),
but also several brain-elevated orphan GPCRs
with regionally elevated expression, including
GPRC5C, mainly expressed in the cerebellum
in all three species. We confirm the exclusive
expression of GPR88 in the basal ganglia (47)
of human, pig, and mouse, but we were also
able to identify four brain orphan GPCRs with
elevated expression in the basal ganglia (Fig.
5G). The nonvisual photoreceptor melanopsin
(OPN4) shows high expression in the human
basal ganglia but very low expression in the
brains of pig andmouse. OPN4 is expressed by
ganglion cells in the retina and plays a role
in the regulation of circadian rhythms (48),
although the function of this photoreceptor
deep in the “dark” core of the brain is unclear.
It was recently reported that melanopsin also
acts as a thermoreceptor mediating heat-
activated expression of clock genes (49). Our
data, based on the expression pattern found
here, suggest a possible temperature-sensing
role of OPN4 in the human basal ganglia that
is not shared with mice or pigs.

Whole-body versus brain regional tissue
specificity classification

The data presented here have made it possible
to compare the brain enrichment of all genes
with the whole-body tissue specificity using
the Tissue Atlas resource (1). The NX data
across all samples were used to classify all
protein-coding genes according to organ and
tissue expression, where the brain was clas-
sified as a single organ, and 36 additional or-
gans and tissues were scored across the human
body. These tissue types include, for example,
liver, pancreas, intestine, lung, reproductive
organs, and lymphoid tissues, aswell as a group
of cell types summarized as “blood,” including
18 single blood cell types and peripheral blood
mononuclear cells (50). For the brain, the max-
imum NX value for a given gene in one of the
brain regions was used as the brain expression
value. We previously reported 1113 genes with
elevated expression in the brain on the basis of
the comparison of the cerebral cortex with 26 pe-
ripheral tissue types (1, 51). Here, we analyzed
manymore brain regions as well as spinal cord
and corpus callosum, and we identified many
more genes (n= 2587) with elevated expression
in at least one region of the brain compared
with peripheral tissues (fig. S31). In addition,
5298 genes were found to be expressed in the
brain but had elevated expression levels in a

peripheral organ. A total of 8342 genes showed
low tissue specificity across all 37 tissues and
organs (fig. S31 and table S7). Only 33 genes
could be specifically defined as enriched in
the brain and not detected in any of the pe-
ripheral tissues. Many of these “specific” genes
were transcription factors, such as neurogen-
ic differentiaton factors 2 and 6 (NEUROD2
and NEUROD6), BarH-like 1 homeobox pro-
tein (BARHL1), and GPCRs such as GPR101
and GPR26.
We analyzed the expression levels of the

2587 human genes classified as brain-elevated
across all analyzed human peripheral tissues
(fig. S32A). The analysis demonstrates two
major clusters: the first with relatively restricted
expression across the peripheral tissues, and the
second containing genes with a more tissue-
wide expression. An analysis of the first cluster
shows smaller and more specific expression
clusters, such as a subcluster of genes with
expression in testis and fallopian tube, in ad-
dition to the brain. Most of these genes en-
code proteins specifically expressed in ciliated
cells, including ependymal cells lining the
ventricular wall in the brain (fig. S32B). Other
notable subclusters harbor genes with elevated
expression in the brain but also high expres-
sion in peripheral tissues, such as cardiac and
skeletalmuscles (fig. S32C) and liver (fig. S32D).
The large cluster of genes with elevated ex-
pression in the brain, but with amore general
tissue-wide expressionpattern, includes a small
cluster of genes encoding immune tissue–
associated proteins (fig. S32, E and F).
The relationship between the whole-body

specificity and the regional brain specificity
was then analyzed for all protein-coding genes.
In Fig. 6, all genes detected in any of the hu-
man tissues and organs are included with a
gene-to-gene comparison to the regional brain
specificity. Only 520 genes that are classified as
brain-elevated have regional brain specificity
expression, while a large fraction of the brain-
elevated genes (n = 1776) have low regional
specificity within the brain. The latter include
(i) several well-known astrocyte markers, in-
cluding GFAP and aquaporin 4 (AQP4); (ii)
oligodendrocyte genes involved inmyelination,
including myelin basic protein (MBP) and
proteolipid protein 1 (PLP1); and (iii) pan-
neuronal genes expressed by most neurons,
for example, sodium/potassium-transporting
adenosine triphosphatase subunit alpha-3
(ATP1A3). The 520 genes classified as both
regionally and brain-elevated include genes
known to be expressed by different neuronal
populations and genes involved in inter- and
intracellular signaling cascades, such as (i) re-
ceptors, e.g., adenosine receptor 2A (ADORA2A)
enriched in the basal ganglia; (ii) ion channels,
e.g., calcium voltage-gated channel auxiliary
subunit gamma 3 (CALCNG3) elevated in re-
gions of the cerebrum; and (iii) components

of intracellular signaling pathways, such as
GTPases, e.g., Rho guanine nucleotide ex-
change factor 33 (ARHGEF33) enriched in
the cerebellum.
Many of the genes that have regional brain

specificity expression are not brain-elevated
from a whole-body perspective but instead
have elevated expression in one or a group of
peripheral tissue types. For example, ankyrin-1
(ANK1), with expression enriched in skeletal
muscle and tongue, is selectively expressed in
the cerebellum and, on the protein level, asso-
ciated with the membrane of Purkinje cells
(Fig. 6). However, most of the genes classified
as elevated in tissue types other than brain are
classified as having low regional specificity
within the brain, such as a number of proteins
detected in astrocytes or oligodendrocytes.
These proteins include crystallin alpha B
(CRYAB) and aldehyde dehydrogenase 6 fam-
ily member A1 (ALDH6A1), as well as many
of the microglia proteins, such as the well-
characterized allograft inflammatory factor 1
(AIF1) and the neuropil-associated protein
regulatory factor X2 (RFX2) elevated in testis.
The group of genes (n = 8027) classified as
both low tissue specific and low regional
specific in the brain include many house-
keeping proteins but also proteins with a
more selective location to certain cell types,
such as Acyl–coenzyme A (CoA) synthetase
long chain family member 4 (ACSL4) mainly
detected in neuronal cell bodies, and A-kinase
anchoring protein 17A (AKAP17A) detected in
the nucleus of glial cells and neurons in the
cerebellar granular layer (Fig. 6).

Global and regional expression landscape of
cortical cell type signature genes

A large number of differentially expressed
genes have previously been identified using
various approaches, including single-cell ge-
nomics and coexpression analysis. Here, we
have analyzed thewhole-body expression pat-
tern of a consensus set of signature genes for
cortical neurons, astrocytes, oligodendrocytes,
and microglia using an immunopanning ap-
proach (8) and a coexpression analysis of pub-
licly available expression data (12). From these
two datasets, 420 genes were identified as
putative human cerebral cortex cell type sig-
nature genes (listed in table S9), with 196
neuron-specific, 180 astrocyte-specific, 65
oligodendrocyte-specific, and 51 microglia-
specific genes. Analyzing the expression vari-
ance of these cell type signature genes across
the different regions of the brain showed mul-
tiple outliers differentially expressed in differ-
ent parts of the brain for both neuronal and
astrocyte genes (Fig. 7A). Oligodendrocytes and
microglia signature genes are less variable
across the different brain regions. A large frac-
tion of neuronal and oligodendrocyte genes are
classified as brain-enriched (Fig. 7B, table S10,
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and fig. S35), whilemany astrocyte andmicroglia
genes are classified as elevated in other tissues. In
fact, several astrocyte signature genes are highly
expressed in liver and/or muscle tissue, whereas
manymicroglia signature genes are enriched in
lymphoid tissue, bone marrow, and/or blood.
In summary, the global analysis reveals that
most of the putative astrocyte and microglia
signature genes are highly expressed in selec-
tive peripheral tissues, often exceeding the ex-
pression levels in the brain.
We superimposed the putative cell type sig-

nature genes on the global tissue expression
landscape using the data from this study (Fig.
7C). Expression of only 180 of the human cere-
bral cortex cell type signature genes (43%) was
classified as brain-elevated with regard to ex-
pression, and 158 genes (38%) were classified

as elevated in expression in nonbrain tissues
and the expression of the remaining genes
(n = 82) classified as low tissue specific. To
further explore this lack of “brain specificity”
ofmany of the putative brain signature genes,
we analyzed some of these genes further, as
shown in Fig. 7D. The microglia signature
genes arachidonate 5-lipoxygenase (ALOX5)
and integrin subunit beta 2 (ITGB2) both showed
elevated expression in blood (lymphoid tissues),
while other microglia signature genes showed
elevated expression in specific blood cells. For
example, the gene for PYD and CARDdomain
containing protein (PYCARD) is expressed by
granulocytes, monocytes, and dendritic cells.
These results confirm the notion of shared
origin and functions between microglia and
immune cells. In contrast, several astrocyte sig-

nature genes are classified as genes with ele-
vated expression in liver ormuscle tissue. Out
of the 19 genes with liver-elevated expression,
six are transport-related genes, including solute
carrier family 13member 5 (SLC13A5), detected
in the membrane of hepatocytes and end feet
of astrocytes in brain, and nine genes code for
metabolic enzymes such as aldehyde dehy-
drogenase 1 family member L1 (ALDH1L1),
detected in cytoplasm of hepatocytes and as-
trocytes. Genes classified as having muscle-
elevated expression include several proteins
with structural function, such as syntrophin
alpha 1 (SNTA1), detected both in astrocytes
and skeletalmuscle. All three are thus classified
as showing elevated expression in tissues other
than brain on the tissue level. These results
highlight the shared function of astrocytes
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and hepatocytes in themetabolism of secreted
substrates.
We subsequently analyzed the signature

genes for oligodendrocytes. Expression of
some putative oligodendrocyte signature genes
is here classified to have low tissue specificity,
such as protein phosphatase 1 regulatory in-
hibitor subunit 14A (PPP1R14A). Others are
classified as having elevated expression in
peripheral tissues, such as ectonucleotide
pyrophosphatase 6 (ENPP6), which is elevated
in kidney. The expression of putative neuronal
signature genes is here mainly classified as
brain-elevated, such as potassium voltage-
gated channel subfamily A regulatory beta
subunit 2 (KCNAB2), potassium voltage-gated
channel subfamily B member 1 (KCNB1), and
phosphodiesterase 1B (PDE1B), all detected on
the protein level, using antibody-based local-
ization, in a subset of neurons and with dif-
ferent subcellular locations (Fig. 7D). However,
several neuronal signature genes also showed
elevated expression in endocrine tissues, the
pituitary gland, or male tissues. The analysis
shows that caution should be taken regarding
genes identified as signature genes, because the
identification of these is context-dependent, and
many of the genes previously identified as signa-
ture genes for specific cell types in the brain are
in fact also highly expressed in peripheral tissues.

The HPA Brain Atlas

As part of this work, a brain atlas database has
been launched to present and integrate all the
data reported here, and this is an extension of
the HPA portal, with a brain-centric summary
page for each gene with expression data in
human, pig, and mouse brain regions. The
resource is presented (17) with an expression
summary for all protein-coding genes. For
selected genes, the distribution of the corre-
sponding protein is visualized by antibody-
based protein detection. Gene expression in
the CNS is visually summarized on the basis
of the 10 brain regions as well as spinal cord,
corpus callosum, retina, and pituitary gland,
with underlying data for many more subre-
gions (21 subregions in human, 27 in pig, and 16
in mouse). Each of the 10 regions can also be
reviewed in individual pages, which provide a
classification overview, interactive lists, and
figures, as well as highlighted examples of re-
gionally specialized cells and proteins. A selec-
tion of 815 proteins is shown at the protein
level in human tissues, and 271 genes include a
complete mouse brain profile through a high-
resolution virtual microscope. These 271 genes
were analyzed with immunofluorescence-based
imaging and include protein expression lev-
els for 120 subregions of the brain.

Outlook

The expression profiles for the protein-coding
genes in all major brain regions have been

determined to capture the complexity of the
cellular organization of the brain and to en-
able comparison between species. The integra-
tion of data from several sources has allowed
us to combine data from transcriptomics,
single-cell genomics, in situ hybridization,
and antibody-based protein profiling. The
rapid technological improvements in the
field of spatial transcriptomics and single-
cell genomics will in the future allow for an
even higher degree of molecular granular-
ity. The analysis presented here, relying on
anatomical dissection of the different regions
of the brain, allowed us to classify all of the
individual protein-coding genes on a genome-
wide level, where each gene is scored for its
regional distribution. The resource provides
detailed molecular transcriptomics maps of
the mouse, pig, and human brains, and these
maps are combinedwith immunofluorescence-
based imaging of single cells using antibodies
toward proteins identified as being of neuro-
logical and neuropsychiatric interest. In this
manner, genes could be identified that are
shown to be differentially expressed between
organs and within the brain. By including
more brain regions, the number of transcripts
detected in the human brain has increased
compared with previous studies. The number
of regionally elevated genes in all three species
is relatively small, with ~1000 genes identified
in each species with an elevated expression
(regional enriched, group enriched, or regional
enhanced) across the 10 brain regions.
Analysis of the regionally elevated genes in

the three species presented here supports the
concept of a similar basic molecular brain ar-
chitecture during mammalian evolution. The
genes involved in production, vesicular transport,
uptake, and degradation of the main neuro-
transmitter systems show overall high similar-
ity among the three species, although notable
differences have been identified. Thus, for ex-
ample, some of the catecholamine-synthesizing
enzymes show distinct species differences with
regard to localization and expression levels,
and severalmetabotropic and ionotropic recep-
tors also exhibit species differences. Many
neurotransmitter receptors, in particular the
nicotinic and opioid receptors, show high var-
iability in the different species, in particular
between human and mouse. These types of
gene differences between species highlight the
fact that mouse models may not provide data
that can be used to understand and treat hu-
man mental disorders. For some of the brain
regions, such as cerebellum and hypothala-
mus, the global expression profile of pig is
closer to that of human, suggesting that pig
might be an attractive animal model to study
many neurological and mental processes.
Many “signature genes” identified previously

for specific brain cell types (such as astrocytes,
microglia, oligodendrocytes, and neurons) are

expressed at higher levels in peripheral organs,
demonstrating that caution should be taken
when using such genes as markers of specific
brain cell types. In fact, our results support a
view of shared functions between microglia
and immune cells, with many genes elevated
in both types of cells. Similarly, many genes
previously identified as signature genes for
astrocytes have a functional role in transport,
and the elevated expression of these genes in
astrocytes is often shared with liver or skel-
etal muscle. Cerebellum stands out with regard
to the number of regional enriched genes and
genes differentially expressed between species.
This is also the brain region with the most dis-
tinct pattern of active cis regulatory elements
compared with cortical and subcortical struc-
tures, and the cerebellum also has the highest
degree of alterationwithin predicted enhancers
among primates (52). Several genes suggested
to be involved in neuropsychiatric diseases are
found to be selectively expressed in the human
cerebellum, which might be surprising for a
brain region traditionally linked to fine-tuning
motor behaviors. However, these data support
the emerging notion that this part of the brain
is associated with many neurological and psy-
chiatric conditions.
We describe an integrative approach for

mapping the molecular profiles in human,
pig, andmouse brain that generates a detailed
multilevel view on the protein-coding genes of
the mammalian brain. We also compare the
regional differences of the human brain with
a genome-wide, whole-body tissue-specificity
classification. An open-access Human Brain
Atlas knowledge-based resource is presented
as part of the HPA to allow the exploration of
individual genes and classes of genes and their
expression profiles in the various parts of the
mammalian brain as well as all other major
parts of the human body.

Material and methods
Animal procedures

The animal experiments conformed to the Eu-
ropean Communities Council Directive (86/
609/EEC), and all efforts were made to mini-
mize the suffering and the number of animals
used. Mouse brain tissue samples used for
transcriptomic and proteomic analyses were
collected and handled in accordance with
Swedish laws and regulations, and all experi-
ments were approved by the local ethical com-
mittee (Stockholms Norra Djurförsöksetiska
Nämd N183/14). The experimental minipigs
(Chinese Bama Minipig) were provided by the
Peral Lab Animal Sci & Tech Co., Ltd (Permit
number SYXK2017-0123). Brain tissue samples
used for analysis were collected and handled
in accordance with national guidance for large
experimental animals and under permission of
the local ethical committee (ethical permission
numbers 44410500000078 and BGI-IRB18135)
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and experiments were conducted in line with
European directives and regulations.
Wild-type male (n = 2) and female (n = 2)

C57BL/6J mice (2 months old) were obtained
from Charles River Laboratories and main-
tained under standard conditions on a 12-hour
day/night cycle, with water and food ad libitum.
Mice were deeply anesthetized and transcar-
dially perfused with 0.9% saline solution. Brains
were quickly removed from the skull and dis-
sected on a glass plate on ice. The entire brain
was carefully dissected into 16 subregions, and
corpus callosum, pituitary gland, and retina
were also collected. A complete list of samples
and subregions is provided in table S3. Tissue
samples were collected into tubes, snap frozen
in dry ice, and stored at −80°C until further
processing.
For immunofluorescence and iDISCO anal-

ysis, mice were anesthetized and transcardially
perfused using balanced Tyrode’s solution fol-
lowed by fixation with modified Zamboni fix-
ative (4% paraformaldehyde, 0.2% picric acid
in 0.1 M phosphate buffer). For cryosectioning,
brains were post-fixed for 90 min and trans-
ferred to PBS containing 30% sucrose and 0.1%
sodium azide. After cryopreservation, brains
were snap frozen using CO2 and 16-mm-thick
coronal sections were cut on a cryostat (Leica,
CM1950) and thaw-mounted on SuperFrost
Plus glass slides (VWR). For iDISCO experi-
ments, samples were placed in PBS contain-
ing 0.1% sodium azide until further processing.
Male (n = 2) and female (n = 2) Chinese

Bama minipigs (1 year old), were obtained
from the Pearl Lab Animal Sci & Tech Co.,
Ltd. All animals were housed in a specific
pathogen-free stable facility under standard
conditions. Pigs were deeply anesthetized and
slaughtered by terminal bleeding. The entire
pig brain was quickly removed from the scull
and submerged into ice-cold PBS buffer for
2 min to remove excess blood and stiffen the
tissue. The brain was cut in coronal slabs at
the level of (i) frontal lobe/olfactory tract, (ii)
optic chiasm, and (iii) between hypothalamus
and cerebral peduncle. Slaps were divided in
two hemispheres, exposing all main brain
structures. Sample blocks of one hemisphere
were immersion-fixed in phosphate-buffered
saline containing 4% paraformaldehyde for
1 week followed by storage in phosphate-
buffered saline containing 0.1% sodium azide
at 4°C. For mRNA analysis, pieces of cerebral
cortex and cerebellum were collected on the
basis of a sampling strategy collecting a rep-
resentative sample containing all cell layers.
All other regions were dissected and collected
in their entirety, subregional samples are listed
in table S2. Two samples (somatosensory cor-
tex and periaqueductal gray) are missing from
female 1, as these two regions could not be
identified with 100% certainty and thus were
excluded. Duplicate samples were taken from

olfactory bulb from female 2, resulting in 119
brain samples and an additional 8 samples
(retina and pituitary gland), for a total of 127
samples. All sampleswere stored at−80°Cuntil
RNA extraction took place, within one month.
For immunofluorescence analysis, samples

were immersed in 70% ethanol before dehy-
dration in absolute alcohol and xylene before
paraffin embedding. Sections were cut (4 mm
byMicromHM355S, Thermo Fisher Scientific)
and placed on SuperFrost Plus glass slides
(VWR), baked, and then used for staining or
stored in −20°C until stained.

RNA sequencing of pig and mouse
brain samples

For mouse brain RNA extraction, the tissue
was homogenizedmechanically using a Tissue-
Lyser LT (Qiagen) and total RNAwas prepared
using the RNeasy Mini isolation kit (Qiagen)
for each of the 19 samples. This generated high-
quality RNA, with 84% of the samples having
RNA integrity values >8.0, with only one sam-
ple removed owing to very lowRIN value (<6.0).
RNA integrity (RIN) was assessed using Agilent
RNA 6000 Nano Kit (Agilent Technologies).
In total, 75 samples were subsequently used
for library construction with Illumina TruSeq
Stranded mRNA reagents. The Illumina
HiSeq2500 platform was used for sequencing
at ~20million reads depth. Detailed informa-
tion about the samples and sequencing qual-
ity control is listed in table S11. The output
analysis was performed using Kallisto v.0.43.1
and mapped to the mouse Ensembl v92 with
22,333 protein-coding genes, for the initial
analysis. Human and mouse orthologs were
defined as a one-to-one translation, resulting
in a total of 15,160 genes.
For pig brain RNA extraction, the tissue was

homogenized mechanically using a Dounce
tissue grinder in liquid nitrogen. Total RNA
was then extracted with a standardized proto-
col based on TRIzol reagent (Invitrogen). First,
total mRNA and noncoding RNAs were en-
riched by removing ribosomal RNA (rRNA)
using a MGIEasy rRNA depletion kit (MGI
Tech, China). EnrichedRNAswere thenmixed
with RNA fragmentation buffer resulting in
short fragments (180 to 300 base pairs). Third,
complementary DNA (cDNA) was synthesized
from the fragmentated RNAs usingN6 random
primers, followed by end repair and ligation to
BGISEQ sequencer compatible adapters. The
quality and quantity of the cDNA libraries were
assessed using Agilent 2100 BioAnalyzer (Agi-
lent Technologies). Finally, the libraries were
sequenced on theBGISEQ-500with 100paired-
end read (PE100). A few randomly selected lib-
raries were also resequenced and co-validated
withMGI2000 sequencer. An average of 200mil-
lion reads were generated for each library. Se-
quencing reads that contained adapters and/or
had low quality, aligned to rRNA were filtered

before following bioinformatic analysis. An
overview of the total reads, Q30 clean reads, and
mapping ratio to the pig genome (Sscrofa11.1)
is provided in table S12. More than 94% of the
samples have <10% rRNA of total reads, indi-
cating a highly efficient rRNA removal and
RNA quality. One sample (pituitary gland
from female 2) was excluded from final data
analyzed because of high rRNA inclusion (table
S12). The output analysis was performed using
Kallisto v.0.43.1 and mapped to the pig En-
sembl build 92 with 22,342 protein-coding
genes, for the initial analysis. Human and pig
orthologs were defined as a one-to-one trans-
lation, resulting in a total of 14,656 genes.

Human sequencing datasets

The Functional Annotation of Mammalian
Genomes 5 (FANTOM5) project (19) provides
transcriptomic profiles and functional anno-
tation of mammalian cell types using cap
analysis of gene expression (CAGE) (53), a
method developed at RIKEN that is based
on several full-length cDNA technologies.
Expression data files with CAGE peaks and
ontology for 77 samples (representing 30 dif-
ferent tissue types) were obtained from the
version 4 FANTOM5 repository (https://fantom.
gsc.riken.jp/5/datafiles/reprocessed/), which we
mapped to Ensembl for calculation of the
normalized tags per million for each gene. The
Genotype-Tissue Expression (GTEx) (18) is an
extensive project that has collected and ana-
lyzed thousands of human postmortem tissue
samples. RNA-seq data from 26 tissue types
(including more than 8000 patient samples)
were mapped using RSEMv1.2.22 (v7,GTEx_
Analysis_2016-01-15_v7_RSEMv1.2.22_tran-
script.tpm.txt.gz) and generated transcript per
million (TPM) values that are included in the
Human Protein Atlas. The in-house RNA-seq
analysis on human tissue types includes 172 tis-
sue samples covering 33 of the 37 tissue types
representing the whole human body. The de-
tailed protocol used for RNA-sequencing in the
HPA has been described previously (1, 51).

Normalization of human data

To enable expression classification and map-
ping of all human protein-coding genes across
all tissue types and samples, TPM expression
values were obtained by mapping processed
human reads to the human reference genome
GRCh37/hg19 based on Ensembl build 92 (54)
gene models using Kallisto (v.0.43.1) (55). Next,
the gene expression levels were calculated by
summing up the TPM values of all alterna-
tively spliced protein coding transcripts for
the corresponding gene for a total of 19,670
protein-coding genes. The average TPM value
of all individual samples for each tissue, brain
region, or cell type was used to estimate the
gene expression level. Data analysis and vis-
ualization were performed using R (version
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3.5.1 Feather Spray) (56). To allow the three
datasets (HPA, GTEx, and FANTOM) to be
combined (1, 18, 19), a pipeline was set up to
normalize the data for all samples (fig. S4).
In brief, we first scaled all TPM values per
sample so that the sum was one million, to
compensate for the noncoding transcripts
that had been previously removed and to ob-
tain pTPM values per sample. Next, all TPM
values were TMMnormalized (22) between all
the samples in each data source (HPA tissues,
HPA blood cells, GTEx, and FANTOM5, respec-
tively), then each gene was Pareto scaled (23)
within each data source. Tissue data from
multiple sources were integrated using batch
correction implemented as removeBatchEffect
in the R package limma (24) using the data
source as a batch parameter. The resulting
transcript expression values, here called nor-
malized expression (NX), are calculated for
each gene in every sample. In the Human
Protein Atlas, the NX value for every gene in
every sample is calculated and visualized on
the gene summary page together with the
pTPM value. The expression classification
across the 37 tissue types included four tis-
sues with combined data: brain, intestine, lym-
phoid tissues, and blood cells, all represented
by the maximum NX value within each group.
In general, tissues, cells, or regions including
multiple data sources or multiple subtissues
were all represented by a consensus NX value,
calculated for each gene as the maximum NX
value in the subtissues/regions or cell types.

Normalization of pig and mouse data

All TPM values of pig andmouse datasets were
TMM normalized (22) between all samples, re-
spectively, and then each gene was Pareto
scaled (23) within each species (fig. S4). NX
for each gene was calculated in every sample
as described for human, including calculation
of pTPM values. In the HPA, the pTPM value
for every gene in every sample is visualized on
the gene summary page and the more de-
tailed tissue pages. For regions containingmul-
tiple subregions, a consensus NX value was
calculated for each gene as the maximum NX
value of the subregions (Fig. 1B).

Comparisons of three species

Protein-coding genes with one-to-one orthologs
in human, mouse, and pig were identified to
compare the expression profiles in the three
mammalianbrains, andaltogether 12,999 genes
were analyzed (fig. S19A). All NX values of
the 12,999 genes were then TMM normalized
(22) between 10 brain regions in three species
(figs. S4 to S6).

Classification based on RNA expression

All protein-coding geneswere classified accord-
ing to a new strategy based on categorization
on both tissue specificity (expression abun-

dance between tissues, table S4) and tissue
distribution (detection level above cutoff NX =1,
table S8). Tissue specificity highlights genes
with elevated expression in one or a group of
tissue types compared with the rest, with the
three elevated categories being “enriched”
(fourfold higher expression in one tissue com-
pared with the second highest), “group en-
riched” (fourfold higher expression in a group
of tissues compared with other tissues), and
“enhanced” (fourfold higher expression in one
or several tissues compared with the mean of
all tissues) (table S4). These classification rules
were applied to the expression profiles of the 37
tissue types representing the whole human
body as well as the different brain regions in
human, pig, and mouse (Fig. 2). The tissue
distribution defines the number of tissues
with expression levels above cutoff (NX = 1)
(table S8). The combination of tissue speci-
ficity and distribution from a brain perspec-
tive (genes detected in brain distributed into
the different categories) is shown in table S7.
Tissue-based classification, highlighting the
brain-elevated genes compared with periph-
eral tissues, is available for all human protein-
coding genes, while the regional classification
in human brain is limited by the availabil-
ity of external expression data (GTEx and
FANTOM) (Fig. 1C and fig. S5 formore details
about the gene coverage and combinations of
the datasets). A second step of normalization
was introduced to enable comparison of the
expression levels across species. All human
protein-coding genes with one-to-one ortho-
logs in both mouse and pig (12,999 genes)
were adjusted by TMM normalization, as il-
lustrated in the schematic overview of the nor-
malization pipeline, fig. S4.

Hierarchical clustering and UMAP analysis

Clustering in heatmaps and dendrograms based
on Spearman correlation were created by first
calculating a correlationmatrix of Spearman’s r
(57) between all brain regions. The correlation
was converted to a distance metric (1 – r) and
was clustered using unsupervised top-down
hierarchical clustering, where, at each stage,
the distances between clusters are recomputed
by the Lance-Williams dissimilarity update
formula according to average linkage. Den-
drograms showing gene expression in heat-
maps have been clustered using the Ward2
algorithm (58), an implementation of Ward’s
minimum variance method (59) implemented
as “Ward.D2” in the hclust function in the R
package stats, where clusters are chosen at
each stage such that the increase in cluster
variance is minimized after merging. The hi-
erarchical clustering of brain regions in three
species was conducted by using the neighbor-
joining approach in the ape package (60) in
R, based on pairwise Pearson correlational
distances between samples. The reliability of

branches was assessed using 100 bootstrap
replicates. The phylogenetic tree was drawn
using the plot.phylo function in ape. Uniform
ManifoldApproximation andProjection (UMAP)
has been performed on NX values of brain sam-
ples by using the R packages UMAP (61) with
default parameters.

Differential expression analysis of three species

Differential expression analysis was conducted
by using normalized NX values of 10 regions of
three species. The R package limma, which in-
cludes lmFit, eBayes, and topTable functions,
was used for pairwise comparison of DEGs.
False discovery rate (FDR) was calculated
by using p.adjust() function in R, using the
Benjamini-Hochbergmethod. Genes with FDRs
less than 0.01 and absolute fold change larger
than 2 were considered as differentially ex-
pressed genes.

Defining cell type signature genes

Human cerebral cortex signature genes for
neurons, astrocytes, oligodendrocytes, and
microglia were determined on the basis of
the agreement between two independent (data
source and approach) datasets. RNA-seq re-
sults of cells selected using immunopanning
(8) were obtained from www.brainrnaseq.org,
and results based on coexpression analysis
(12) were obtained from http://oldhamlab.
ctec.ucsf.edu/. By varying the inclusion crite-
ria for RNA-seq data (fold-enrichment >2 to
>5) and coexpression analysis (p-value 0.95 to
1) the optimal settings creating the maximum
overlap between these datasets for each cell
type were determined (Table 1). Human ce-
rebral cortex cell type signature genes were
defined as genes associated with the same cell
type based on both datasets with an FPKM
value of >1 in only one cell type based onRNA-
seq. The list of 420 genes, here defined as cell
type signature genes, are listed in table S9.

Antibody-based profiling of protein distribution

Protein profiling in human brain tissues was
performed within the Human Protein Atlas
pipeline, following previously published pro-
tocols (1). Formalin fixed paraffin embedded
(FFPE) tissue samples were used for tissue
microarray (TMA) construction,where 144 sep-
arate 1-mm cores were placed in a recipient
paraffin block (62) representing 44 different
tissue types. Sectionswere cut (4 mmbyMicrom
HM355S, Thermo Fisher Scientific) and placed
on SuperFrost Plus glass slides (VWR). The
sections were dewaxed, H2O2-incubated, and
antigen retrieved by heat-induced epitope re-
trieval (HIER) in pH6 citric acid solution be-
fore commencing the staining procedure. The
Leica Biosystems CV5030 immunostainer was
used for pretreatment as well as in later steps
of counterstaining and coverslipping. Staining
protocols were standardized and executed in a
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LabVision Autostainer 480 using LabVision
reagents and protocols with primary antibody
incubation 30 min in room temperature and
HRP-polymer secondary antibody and DAB
(3,3-diaminobenzidine) chromogenic visual-
ization. All slides were counterstained in
HTXplus (Histolab) before coverslipping, and
image digitalization was performed in Scan-
scope AT2 (Aperio Vista) using a 20× objective.
Protein profiling in mouse brain tissues was

performed as described previously (63). Com-
plete brain profiles were represented by 20 to
25 sections having a 400-mm interval, covering
all major regions of the mouse brain. Briefly,
sections were incubated with primary anti-
body (16 to 72 hours at 4°C), blocked in TNB
buffer (0.1 M Tris-HCl, pH 7.5; 0.15 M NaCl;
0.5% blocking reagent) followed by HRP-
conjugated secondary antibody (Dako), and
immunoreactivity was visualized using the
tyramide signal amplification system (TSA-
Plus; NEN Life Science Products, Inc.). Fluo-
rescent images were obtained using a “VSlide”
slide scanning microscope (MetaSystems)
equipped with a CoolCube 2 camera (12-bit
grayscale), a 10× objective and filter sets for
4′,6-diamidino-2-phenylindole (DAPI) (EX350/
50–EM470/40), Fluorescein isothiocyanate
(FITC) (EX493/16−EM527/30), Cyanine (Cy)
3 (EX546/10−EM580/30), Cy3.5 (EX581/10−
EM617/40), and Cy5 (EX630/20−647/long
pass). Finally, the individual images were
stitched together (VSlide) to generate a large
image of the entire section, while the images
(vsi-files) were additionally extracted to high
quality .jpeg files for further analysis using the
softwareMetaviewer (Metasystems). All images
were manually evaluated and scored, always
including verification by a second observer.
The human brain antibody-based chromo-

gen stainings are all available on the Human
Protein Atlas portal (www.proteinatlas.org).
Antibody IDs and antibody dilutions are listed
in table S13. More details about antibody vali-
dation and antigen design for respective anti-
bodies are found on the respective antibody
information page in the portal. Fluorescent
mouse brain staining shown in Fig. 3 are
examples from full mouse protein profiles
available online, performed according to the

protocol described above (list of antibodies in
table S13). The examples shown for species
comparison in human, pig, andmouse are all
performed on FFPE tissue sections (4 mm),
placed on SuperFrost Plus glass slides (VWR),
baked before dewaxing and antigen retrieved
according to standard procedure for FFPE
sections as described previously, including
H2O2-incubated and HIER in pH 6 citric acid
solution. The sections were then incubated
overnight at 4°C with primary antibody (list of
antibodies and dilution in table S13), followed
by blocking and secondary HRP-conjugated
secondary antibody. The staining protocol fol-
lowed was according to the mouse profiling
standard using TSA amplification.

iDISCO+ volume immunostaining

iDISCO+ volume immunostaining and clearing
process were performed as earlier described
by Renier and colleagues (64). Briefly, whole
mouse brains (one hemisphere was laterally
slightly trimmed) were washed in 0.01M PBS
three times in 5-ml Eppendorf tubes and then
dehydrated in a series of methanol/water so-
lutions for 1 hour each. The samples were
then bleached with 5% hydrogen peroxide in
100%methanol overnight at +4°C. Then, they
were rehydrated, incubated in permeabiliza-
tion solution for 2 days, and followed by block-
ing solution for an additional 2 days, both at
37°C (0.2% Triton-X100/20% DMSO/0.3 M
glycine in 0.01 M PBS + 0.02% sodium azide,
0.2% Triton-X100/10% DMSO/6% normal
donkey serum in 0.01 M PBS + 0.02% sodium
azide, respectively). The samples were then
incubated with a rabbit polyclonal primary
antibody raised against human GPR151
(HPA065728, 1:150) solution for 7 days at 37°C
(antibody diluent: 0.2% Tween-20/10 mg/ml
heparin/5% DMSO/3% normal donkey serum
in 0.01 M PBS + 0.02% sodium azide). After
extensive washing, the blocks were incubated
in secondary antibody (1:150; goat anti-rabbit,
conjugated with Alexa Fluor 647; Molecular
Probes, Oregon, USA) solution (0.2% Tween-
20/10 mg/ml heparin/3%normal donkey serum
in 0.01 M PBS + 0.02% sodium azide). The
blocks were dehydrated in methanol/water
series, incubated in 66% dichloromethane/

33% methanol for 3 hours and in 100% di-
chloromethane for 2 × 15 min. Finally, the
blocks were moved to tubes and stored in
100% dibenzyl ether for the long term.
A light sheet microscope (Ultramicroscope

II, Lavision Biotec, Bielefeld, Germany) and
the Imspector software were used for image
acquisition of the whole mouse brains. The mi-
croscope was equipped with an sCMOS cam-
era (Andor Neo) and a 2×/0.5 objective lens
(MVPLAPO 23), with a 6.5-mm working dis-
tance spherical aberration corrected dip-
ping cap.
The trimmed full mouse brain (cut at lateral

ca −2.5 mm) was fixed on the sample holder
with the surface of the trimmed hemisphere
side down and acquired in sagittal position
from ca. lateral −2.00 until the top of the other
side cortex (ca 6.5 mm altogether). To obtain
the required X/Y/Z resolution, homogeneous
illumination within the entire focal plane and
minimal photobleaching, the following micro-
scope parameters were applied: 2× objective,
1.6× zoom body, and additional magnification
of the dipping cap lens (altogether 3.6× effec-
tive magnification), 70% laser power (OBIS
647 laser), bilateral illumination (blendmerging
algorithm), 100-ms exposure time, max sheet
numerical aperture (0.149), dynamic horizon-
tal focus process with 13 steps (blendmerging
algorithm after precalibration process), 70%
sheet width, 2-mm Z-step thickness, mosaic
acquisition mode (six tiles with 15% overlap).
Stitching was achieved by the Terastitcher-
Imspector python script (LaVision Biotec, 2017),
where the serials of 16-bit uncompressed
stitched tiff images (ca. 3500 z-levels, ca 100 GB)
were then converted to IMS file, and the 3D
vision of acquisitions was reconstructed in the
Imaris 9.1.2 (Bitplane, UK) software for inspec-
tion and quality control.
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information are available, open access, and downloadable from the
Human Protein Atlas database. The external data from GTEx,
FANTOM5, and the Allen Brain Atlas are available at their respective
sources. The transcript expression values at the brain regional
level for human, pig, and mouse, as well as the remapped TPM
and pTPM tables for the external data, are available from the HPA
download section (www.proteinatlas.org/about/download), in addition
to the human data for all tissue and blood cell types. The original

data for the pig brain transcriptome has been deposited to the
public data depository CNGB Nucleotide Sequence Archive (CNSA;
https://db.cngb.org/cnsa/) of the China National GeneBank
DataBase (CNGBdb) with accession number CNP0000483.
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