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Dynamics and functions of neural circuits depend on interactions mediated

by receptors. Therefore, acomprehensive map of receptor organization
across cortical regions is needed. In this study, we used in vitro receptor
autoradiography to measure the density of 14 neurotransmitter receptor
typesin109 areas of macaque cortex. We integrated the receptor data

with anatomical, genetic and functional connectivity dataintoa common
cortical space. We uncovered a principal gradient of receptor expression per
neuron. This aligns with the cortical hierarchy from sensory cortex to higher
cognitive areas. A second gradient, driven by serotonin 5-HT,, receptors,
peaksinthe anterior cingulate, default mode and salience networks. We
found asimilar pattern of 5-HT,, expression in the human brain. Thus,

the macaque may be a promising translational model of serotonergic
processing and disorders. The receptor gradients may enable rapid,

reliable information processing in sensory cortical areas and slow, flexible
integrationin higher cognitive areas.

A key challenge in neuroscience is to discover how a relatively static
brainanatomy canadaptto achangingworld. The brain’s connectivity
is a key component. Mapping brain connectivity (the connectome)
exhaustively across species is a major ongoing advance'”. However,
connectivity alone is insufficient to explain neural circuit dynamics
underlying brain functions. The functional impact of synaptic con-
nections depends onreceptors. Thus, connectivity approaches, which
are blind to receptor types, may not be sufficient to understand the
computational capabilities of the cortex. To complement ongoing
effortsto map the connectome, a systematic map of receptor densities
across cortexis needed. This would provide a crucial link between the
molecular and systems organization of the cortex.

The cortex displays a very similar regional and laminar receptor
profile in macaques and humans®. Neuroanatomists have quantita-
tively mapped mesoscopic and microscopic anatomical details across
the macaque cortex>”, This currently outpaces our knowledge of

human anatomy. In contrast, in vivo neuroimaging is less advanced
in macaques than in humans. Nonetheless, recent developments in
macaque neuroimaging can accelerate interspecies comparison and
translation’. However, few studies have yet integrated in vitro neuro-
anatomy with in vivo neuroimaging'°". In particular, receptor dataare
usually displayedinin vitroslices and seldom openly available. Creating
openly accessible maps of receptor expression across the cortex that
integrate with neuroimaging data could speed up translation across
species and levels of neuroscience.

Atthelevel of microcircuits, different regions of cortex shareacom-
mon organization. However, their properties vary across the cortexinthe
form of macroscopic gradients'. Gradients of connectivity have been
used to demonstrate the organizational structure of the cortex”. Similar
understanding of the brain’slarge-scale neurotransmitter and receptor
organization is beginning to emerge. In the mouse brain, subcortical
neuromodulatory centers are ‘connector hubs™®, Receptor expression

'Computational Neuroscience Unit, Faculty of Engineering, University of Bristol, Bristol, UK. 2Center for Neural Science, New York University, New York,
NY, USA. 3Child Mind Institute, New York, NY, USA. “Institute of Neuroscience and Medicine (INM-1), Research Centre Jilich, Jilich, Germany. ®Integrative
Neuroscience and Cognition Center, University of Paris Cité, Paris, France. °Cécile and Oskar Vogt Institute for Brain Research, Medical Faculty, University
Hospital Disseldorf, Heinrich Heine University Diisseldorf, Disseldorf, Germany. 'Deceased: Karl Zilles. ®These authors jointly supervised this work:

Xiao-Jing Wang, Nicola Palomero-Gallagher.

e-mail: n.palomero-gallagher@fz-juelich.de

Nature Neuroscience | Volume 26 | July 2023 | 1281-1294

1281


http://www.nature.com/natureneuroscience
https://doi.org/10.1038/s41593-023-01351-2
http://orcid.org/0000-0003-4070-067X
http://orcid.org/0000-0002-0065-3832
http://orcid.org/0000-0003-0902-1425
http://orcid.org/0000-0002-8880-9204
http://orcid.org/0000-0003-3124-8474
http://orcid.org/0000-0003-4463-8578
http://crossmark.crossref.org/dialog/?doi=10.1038/s41593-023-01351-2&domain=pdf
mailto:n.palomero-gallagher@fz-juelich.de

Resource

https://doi.org/10.1038/s41593-023-01351-2

in the human brain is associated with in vivo connectivity patterns
and functional activity patterns®~'. However, it is not yet known how
receptor expression relates to anatomical organization that we can
measure in the macaque cortex.

In this study, we measured the density of 14 types of neurotrans-
mitter receptors across 109 areas of macaque cortex. We mapped
these data and multiple types of anatomical and functional data onto
a common cortical space. These other data types included neuron
density, dendritic tree size, spines, tract-tracing connectivity, gene
expression and structural and functional magnetic resonance imag-
ing (MRI). We found that the receptor architecture of macaque cortex
can be well described by a small number of gradients. The principal
receptor gradient defines a putative cortical hierarchy. Cortical areas
high on the gradient had a higher density of receptors per neuron,
larger dendrites and less myelin. Receptor gradients also segregated
functional networks. This suggests a potential role for neuromodula-
tors in propagating activity along cortical hierarchies and between
higher cognitive networks.

Results
Distribution of receptors across macaque cortex
We analyzed receptor expression in the macaque brain using in vitro
receptor autoradiography. This uses radioactive ligands to quantify the
endogenousreceptorsinthe cellmembrane. Our analysisincluded 14
receptor types (glutamate: AMPA, kainate and NMDA; GABA: GABA,,
GABA,/BZ and GABAy; acetylcholine: M;, M, and M;; serotonin: 5-HT,
and 5-HT,,; noradrenaline: o; and a,; and dopamine: D,). We extracted
receptor densities from regions defined by cyto and receptor archi-
tecture. Within each brain region, receptor densities were highly
consistent across sections (median coefficient of variation = 0.08;
Supplementary Fig.1a) and across subjects (median coefficient of vari-
ation =0.18; Supplementary Fig.1b). Borders between brainregions are
usually accompanied by a change in expression of two or more recep-
tors. For example, changes in o, and 5-HT,, receptor density highlight
theborder between LIPd and LIPv (Supplementary Fig. 2; ref.22). Inthe
raw data, several receptorsreached their highest densities in primary
visual cortex (Supplementary Fig. 3a; GABA,, acetylcholine M, and
serotonin 5-HT,,; ref. 23). Many other receptorsreached their highest
densitiesin parts of the anterior cingulate. Thisincludes all glutamater-
gicreceptors, GABA, serotonin 5-HT,,, noradrenaline «; and dopamine
D, (Supplementary Fig. 3). M,, GABA,/BZ and o, receptors are notable
for having high densities in both cingulate cortex and V1. Thus, some
common patterns of expression are seen across several receptors.
Serotonin 5-HT,, has the steepest gradient of expression of all
receptors. Generally, receptor density (per milligram of protein) varied
by afactor of 1-5 across cortical areas. The receptor with the shallow-
est gradient in raw expression is serotonin 5-HT,,. The area with the
greatest density of 5-HT,, receptors hasadensity just 1.67 times higher
thanthe areawith the lowest density. In contrast, the peak expression
of 5-HT,,inareaa24’ab of anterior cingulate cortexis over17 times the
density of 5-HT,, receptorsin area V1 (Supplementary Fig. 3b).
Thehigh density of receptorsin V1is duetoits high neuron density.
Neuron density varies by afactor of 5across macaque cortex (Supple-
mentary Fig. 3b). We mapped the receptor data and published neuron
density data®to the Yerkes19 cortical surface*. We estimated the recep-
tor density per neuronacross the cortex for all 14 receptor types (Fig. 1,
Supplementary Tables 1 and 2 and Supplementary Fig. 4). Notably,
although the density of several receptors peaks in V1in the raw data,
this is mostly erased when accounting for neuron density.

The principal receptor gradient of macaque cortex

The principal receptor gradient spreads from early sensory to higher
cognitive regions. To identify the main patterns of receptor expression,
we performed a principal component analysis (PCA). We performed this
onboththe dataper neuron (Fig. 2) and the raw data (Supplementary

Fig. 5). The principal receptor gradient (PC1) explains 81% of the
varianceinthereceptor data(per neuron). The top five principal com-
ponents (PCs) explain over 95% of the variance (Fig. 2a and Supplemen-
taryFig. 6; PCs1-5explain 81.2%, 6.5%, 3.5%, 2.4% and 1.4%, respectively).

Allreceptors contribute similarly to the principal receptor gradient
(Supplementary Figs. 6¢c and 7). The gradient dependence is a meas-
ure of how much the spatial pattern of a gradient changes upon
removal of onereceptor type from the dataset. The principal receptor
gradientisrobusttoremoval of any individual receptor (Supplementary
Fig.7). Thus, the principal receptor gradient captures strong underly-
ing trends across receptors. In contrast, serotonin 5-HT,, expression
drives the spatial pattern of PC2 (Supplementary Fig. 7). Similarly,
acetylcholine M, contributes strongly to PC3. M, and dopamine D,
contribute to PC4 and noradrenaline «,, acetylcholine M, and other
receptors to PC5 (Supplementary Fig. 7).

Brain regions within the same functional system have similar
receptor expression. We projected the data onto the first two PCs,
which defined a ‘receptor space’. Visual, somatomotor, premotor,
parietal, cingulate, prefrontal and orbitofrontal each occupy distinct
sections of the receptor space (Fig. 2b). In Fig. 2b, we colored cortical
areas according to these groupings for visualization purposes only.

Therawreceptor gradients are similar to the receptor-per-neuron
gradients. Eachof the top five PCs of the raw receptor data (Supplemen-
tary Fig. 5a) is strongly correlated with the corresponding PC of the
receptor-per-neuron data (Supplementary Fig. 5b). One difference is
that V1(which hasavery high neuron density) shifts from the bottom of
PC1(perneuron data) to the bottom of PC2 (raw data). Below, we show
that PClorPC2inthereceptor-per-neuron data correlates with various
features of anatomy and function. Each of these correlations also holds
for either PC1or PC2 of the raw receptor data (Supplementary Fig. 8).

Receptor expressionincreases along the principal gradient
Receptor fingerprints show the pattern of receptors expressedineach
cortical area”. The size of the receptor fingerprint increases along the
principal receptor gradient (Fig. 2c, areas V1, 3al and 120). This shows
anincreaseinreceptor density per neuronacross almost all receptors.
The receptor-per-neuron density is four times higher in areas at the
top of the gradient thanin areas at the bottom (Fig. 2d). The principal
receptor gradient closely tracks the total receptors per neuron across
brain areas (Fig. 2d).

The principal gradient aligns with the cortical hierarchy

The cortical hierarchy is anatomically defined by laminar connectivity
patterns®. Functionally, the hierarchy spreads from areas that process
simple sensory stimuli to areas that integrate varied and highly pro-
cessed information. Could the receptor profile differ according to these
distinct computational roles? Using retrograde tract-tracing data, we
recently calculated the hierarchy of 40 cortical areas”. Here, we found
that the principal receptor gradient is strongly correlated with the
cortical hierarchy (Fig. 3a). Thus, neurons near the top of the hierarchy,
which contribute to more complex functions, express more receptors.

Dendritic trees increase in size along the principal gradient

How could neurons highinthe principal receptor gradient house more
receptors? Pyramidal cells receive the vast majority of their synaptic
inputs ontheir dendrites. Thus, we hypothesized that dendritic proper-
ties would change along the principal receptor gradient. Elston et al.”
measured dendritic properties across dozens of areas of macaque
cortex. We focused on the size of the dendritic tree and the number
of dendritic spines on layer 3 pyramidal cells, for which most data
were available. We mapped the locations for the dendritic injections
to the Yerkesl19 cortical surface (Fig. 3b,c). We found that the princi-
pal receptor gradient is positively correlated with dendritic tree size
(Fig. 3b). The correlation between the principal receptor gradient
and the total number of dendritic spines per neuron did not remain
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Fig.1| The density of 14 receptors per neuron across macaque cortex. a, Neuron density data from ref. 8 were delineated on the cortex and used to normalize
receptor data. b, The receptor density per neuron of 14 receptor types assessed with in vitro receptor autoradiography.

significant when accounting for the spatial autocorrelation and
multiple comparisons (Fig. 3c). No significant correlation was observed
between the principal receptor gradient and the density of spines per
micrometer (r(20) = 0.28 (range: -0.16 t0 0.63), P= 0.21, uncorrected).
Thus, neurons at the top of the principal receptor gradient contain
larger dendrites. This likely provides the neural real estate required
to house agreater number of synaptic connections and receptors.

Aninverse relationship between myelin and receptor density
Myelin inhibits synapse formation, axonal growth and experience-
dependentplasticity®. Theratioof T1-weighted to T2-weighted (T1w/T2w)

MRl signal is a proposed marker of myelination in the cortical gray
matter. We analyzed T1w/T2w data from Donahue et al.>*. We found that
there is a strong negative correlation between the principal receptor
gradient and the T1w/T2w ratio (Fig. 4a).

We also compared the densities of all 14 receptors across cortical
layersto the pattern of laminar myelination using a histological myelin
stain. We performed this comparisonin primary visual area V1(Fig. 4b),
primary motor area4a (Supplementary Fig. 9) and association parietal
area PEipe (Supplementary Fig. 9). In areas 4a and PEipe, all recep-
tors (except kainate and 5-HT,, in PEipe) had higher densities in the
supragranular layers (that is, I-1II; Supplementary Fig. 9). In V1, most
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Fig.2| The principal receptor gradient captures total receptor density per
neuron across macaque cortex. a, The first five PCs of the receptor per neuron
data. b, The projection of brain regions onto the first two PCs of the receptor data
(‘receptor space’). Brain regions are colored according to anatomo-functional
groups for visualization purposes. ¢, The receptor fingerprints of three areas at
different points along the first PC (that is, the principal receptor gradient). The

density of most receptors increases along the gradient, from area V1to 3al and
againto 120. For information on standard deviations, see Supplementary Table 2.
d, Thefirst PC closely follows the total receptor density per neuron. Pearson
correlation, r(107) = 0.9953 (range: lower/upper bound of 95% confidence
interval = 0.9931/0.9968, two-sided P= 4 x 10™'°), OFC, orbitofrontal cortex;
PFC, prefrontal cortex.

receptors had highest densities in layers Il and 111, followed by layer V
and lowest densities in layers I, VI and IVb. Low receptor densities in
layersland VImayreflect the low cell densities inthose layers (Fig. 4b).
Some receptors, including NMDA, GABA,, GABA;, M, and 5-HT,, also
had high densitiesinlayer IVc (Fig. 4b). In contrast, myelinis higherin
the infragranular layers (that is, V-VI) than the supragranular layers.
Additionally, V1 contains a high level of myelin in granular layer IVb.
Thus, thereceptor density patternis opposite to the myelin density pat-
ternacross layers. Therefore, receptor expression may be constrained
by myelination across cortical regions and layers.

Principal gradient separates sensory and cognitive networks

Does the principal receptor gradient shapein vivointeractions between
cortical areas? Xu et al.”’ used connectivity gradients to map from the
human cortex to corresponding points on the macaque cortex. This
method was used to align seven canonical cognitive networks* to the
macaque cortex (Fig. 5). We used this alignment to identify the receptor

gradient expression across cognitive networks. The overlap of eacharea
oftheJulich Brain Macaque Maps with the seven cognitive networks is
quantified in Supplementary Table 3. We excluded the ‘limbic’ network
fromthis analysis due tothe lack of vertices with receptor dataand low
signal-to-noise ratio (SNR) in functional MRI (fMRI) data.

The principal receptor gradient separates the sensory and higher
cognitive networks (Fig. 5). Almost all areas of the visual and soma-
tosensory networks had negative gradient scores. Areas in the higher
cognitive networks encompassed a range of positive and negative
values (Fig.5). Taken with the above, we conclude that neuronsin higher
cognitive networks express more receptors.

Gradient 2 captures 5-HT,, expression across cognitive areas

Thesecondary receptor gradient (PC2) separates higher-order cortical
areas (Fig. 6a). Parietal areas (for example, LIPv) are at one end of the
gradient, whereas cingulate areas (for example, 24ab and 25) are at the
other end (Fig. 6a). The receptor fingerprints reveal a striking change
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a, Thereis a strong positive correlation between the principal receptor gradient
and the cortical hierarchy (Pearson correlation, r(39) = 0.81 (range 0.64-0.90),
P<0.0001, corrected for spatial autocorrelation and multiple comparisons
(Bonferroni)). b, Dendritic tree size is positively correlated with the principal
receptor gradient (Pearson correlation r(19) = 0.73 (range: 0.43-0.88), P=0.005,
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corrected for spatial autocorrelation and multiple comparisons (Bonferroni)).
¢, Therelationship between the receptor principal receptor gradient and
spine count is not significant after correction for spatial autocorrelation and
multiple comparisons (Pearson correlation, r(20) = 0.54 (range: 0.15-0.78),
P=0.23, corrected for spatial autocorrelation and multiple comparisons
(Bonferroni)).

in the serotonin 5-HT,, receptor density (Fig. 6b,c and Supplemen-
tary Fig. 7). Other receptor densities also changed along the second-
ary gradient, such as AMPA-kainate/NMDA ratio and GABA, density
(Fig. 6b,c), but not serotonin 5-HT,, (Supplementary Fig.10). The peak
of serotonin 5-HT,, receptor expression in the subgenual cingulate
areais notable as the serotonin system and the subgenual cingulate
areboth targeted in treatments for depression®..

Gradient 2 separates anticorrelated cognitive networks
The secondary receptor gradient has opposing values in the dorsal
attention network and the default mode network (Fig. 6d). Activity

in these two higher cognitive networks is often anticorrelated®>,
The salience network may act as a ‘switch’ between activity in these
two networks**. We also found positive values for the secondary
receptor gradient in the salience network. Gradients of functional
connectivity exist in the human and macaque cortex'””. This recep-
tor gradient also resembles the third functional connectivity gradi-
ent (Fig. 6e). No other correlations between receptor and functional
connectivity gradients passed this strict statistical correction.
Thus, the secondary receptor gradient may suggest a serotonergic
mechanism by which the cortex switches between higher cognitive
states.
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Fig. 5| The principal receptor gradient separates sensory and cognitive
networks. The canonical cognitive networks of Yeo et al.’** mapped to the macaque
cortex by Xu et al.” using cross-species functional alignment. a, The cognitive
networks mapped into receptor space. b, The distribution of receptor PClscores
for verticesin each cognitive network shown on araincloud plot”. The ‘limbic’
network was excluded owing to alack of receptor data. ¢, The mean PC score of

the principal receptor gradient within each cognitive network. DorsAtt, dorsal
attention network; FPN, frontoparietal network; SomMot, somatomotor network.

5-HT,, receptor expression is conserved across species
Serotonin is involved in the pathophysiology of emotion regulation.
Much of the basic research on emotion is performed in animal mod-
els. To ease the translation of findings, we compared 5-HT,, expres-
sion in humans, macaques and rats. We performed this analysis on
the raw receptor densities, as neuron density data were not available
inall species.

Inhumans, we found that 5-HT,, receptor expression peaksinarea
25 (subcallosal cingulate). Humans have high 5-HT,,, density in anterior
cingulate and frontal regions and low density in motor and visual cor-
tex (Fig. 7a). This general pattern was also true in macaque cortex and

in that of the rat. However, the peak of 5-HT,, receptor density shifts
from area 25to neighboring parts of anterior cingulate in the macaque.
A similar shift is even more apparent in the rat. In the rat, the gra-
dient of 5-HT,, receptor density across cortex was flatter than in
primates.

In the macaque brain, 5-HT,, receptor density increases in the
caudo-rostral and latero-medial directions (Fig. 7b). Across layers,
5-HT,, receptor expression has two peaks. There is an absolute maxi-
mum in the superficial layers. A second, considerably lower peak is
inlayers Vand VI (Supplementary Figs, 4,9 and 10). The difference in
height between both peaks is larger in sensory areas than in associa-
tion areas. However, the primary visual cortex is a notable exception,
because, in V1, the superficial and deep peak reach similar values.
We also see this pattern in allocortical area 25 in the anterior
cingulate cortex.

5-HT,, peaks in default and salience networks across species
We investigated the relationship between receptor expression in
macaques and gene expression in humans. The Allen Human Brain
Atlas provides mRNA expression across six individual human brains®.
We mapped this mRNA expression data onto a 180-area multimodal
parcellation of the human cortex'. We used functional alignment to
reverse translate this gene expression map to the macaque cortex”
(Fig. 7c).Inthe humanbrain, HTRI1A (5-hydroxytryptamine receptor 1A
(Homo sapiens (human))) encodes the 5-HT,, receptor. HTRIA expres-
sion peaks in anterior/medial temporal cortex, insula, subcallosal/
anterior cingulate and postero-medial cortex (posterior cingulate/
precuneus) (Fig. 7c). We found that human HTRIA gene and macaque
5-HT,, receptor expression are strongly correlated (Fig. 7d). Human
HTRIA gene and macaque 5-HT,, receptors are expressed similarly
across cognitive networks. For both, the lowest densities are in the
visual network, and the highest densities are in the default mode and
salience networks (Fig. 7e,f). In contrast to 5-HT,,, serotonin 5-HT,,
receptors peak in the dorsal attention and fronto-parietal networks
(Supplementary Fig. 10). Therefore, the cortical expression of sero-
tonin 5-HT,, receptors is conserved between macaques and humans.
In both species, 5-HT,, receptor is highest in the default mode and
salience networks.

A wide range of receptor-gene correlations across receptors

Geneexpressionisincreasingly used as a proxy for receptor expression.
However, someresearchers have found weak correlations betweengene
and receptor expression*®. We performed an exploratory analysis on
the relationship between human gene and monkey receptor expres-
sion (Supplementary Fig. 11). We first aimed to find the upper limit
oninter-species correlations. For this, we used maps of the Tiw/T2w
ratio and cortical thickness. These maps were acquired in a similar
manner by the same laboratory in both macaques and humans'*, We
registered the human maps to the macaque cortex using cross-species
functional alignment®. The cross-species correlation for the
T1w/T2w map was very high (Supplementary Fig. 11; Pearson correla-
tion, r(107) = 0.79 (range 0.70-0.85)). This likely represents a ceiling
value for inter-species gene-receptor correlations. The correlation
was moderate for cortical thickness (Pearson correlation, r(107) = 0.55
(range 0.40-0.67)). Some gene-receptor correlations were within
or close to this range. Several correlations passed a strict correction
for spatial autocorrelation”” (Supplementary Fig. 11; noradrenaline:
o;-ADRA1B and a,,-ADRA2A; serotonin: 5-HT,,-HTRIA; acetylcholine:
M;-CHRM3; glutamate: AMPA-GRIAIA, kainate-GRIKI, GRIK2 and
GRIK3; and GABA: GABA-GABBRI and GABA ,-GABRG3). Another set
of gene-receptor correlations fell just below this range and passed aless
stringent threshold (P < 0.005, uncorrected, glutamate: AMPA-GRIA2,
NMDA-GRIN2B, NMDA-GRIN2C, NMDA-GRIN3A and kainate-GRIKS and
GABA: GABA,-GABRA2, GABA ,-GABRE and GABA,-GABRGI). These
gene-receptor correlations may be considered of moderate strength.
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Fig. 6| The secondary receptor gradient tracks differences in serotonin
receptor densities between higher cognitive areas of cortex. a, Receptor
PC2 (the secondary receptor gradient). b, Receptor fingerprints of areas 24ab
and LIPv, which occupy opposing positions along the secondary gradient. The
total receptor density per neuron is similar between the two areas, but there is
an obvious difference in 5-HT,, receptor density per neuron. Forinformation on
standard deviations, see Supplementary Table 2. ¢, Receptor PC2 was positively
correlated with 5-HT,, receptor density and the ratio of AMPA and kainate to
NMDA receptors. Receptor PC2 was also negatively correlated with the GABA,
receptor density (Pearsonrcorrelation). d, The secondary receptor gradient

Receptor PC2

separates the dorsal attention network from the default mode and salience
networks. Left, cognitive networks in receptor space. Middle, distribution of
receptor PC2 scores within the default mode, salience and dorsal attention
networks. Right, mean receptor PC2 scores for each cognitive network. Inv.,
inverse. e, Left, the third functional connectivity gradient. Right, the secondary
receptor gradient was strongly correlated with the third functional connectivity
gradient. The error bars ind (right) show the 95% upper and lower bounds of
the linear fit (r(107) = 0.51 (range: 0.35-0.63), P= 0.0246 corrected for spatial
autocorrelation and multiple comparisons (Bonferroni)).
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expression across a single macaque cortical hemisphere. c, We mapped human
HTRIA gene expression data® to the human cortex and then to the macaque
cortex using cross-species functional alignment. d, Human gene expression and
macaque receptor expression for the 5-HT,, receptor were positively correlated
(Pearson correlation, r(107) = 0.66 (range: 0.54-0.76), P= 0.011, corrected for
spatial autocorrelation). e,f, Human HTRIA gene expression (e) and macaque
5-HT,,receptor expression (f) are expressed similarly across cognitive networks,
peaking in the default mode and salience networks.

Itis possible that they could pass the more stringent correctionif they
were acquired inthe same species. The remaining gene-receptor cor-
relations, including several neuromodulatory, excitatory and inhibitory
receptors, were weak. This suggests that using gene expressionas a

proxy for receptor expression may be appropriate for asmall number
ofreceptors, such as the 5-HT,, receptor. However, for many receptors,
including the dopamine D, receptor, gene expression is not a good
proxy for receptor expression.
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Acetylcholine and dopamine receptors vary along the cortical
hierarchy

Inanexploratory analysis, we compared PC3, PC4 and PC5 with each of
the anatomical mapsinvestigated above. Outside of the first two PCs,
the strongest correlation was between PC4 and the cortical hierarchy
(r=-0.50, P=0.004, uncorrected; Supplementary Fig. 6h). Primary
sensory areasinboth visual and somatosensory cortex have high scores
on PC4. This patternis driven by a positive loading on the M, receptor.
This was previously identified as a potential marker of primary sensory
cortexin humans”. Thereis also a negative loading on the dopamine D,
receptor (Supplementary Fig. 6f). This matches previous reports of D,
increasing strongly along the hierarchy?. All other correlations were
weak (PC4-FC3:r=-0.21, P=0.03, uncorrected; PC3-myelin: r=0.23,
P=0.02,uncorrected) or not significant. Therefore, the two principal
gradients of receptor expression capture the strongest spatial relation-
ships between receptors and the structural and functional organization
ofthe cortex.

Receptor expression in functionally defined networks
Common brainfunctions activate networks of areas across the cortex.
Do these different functional networks express distinct receptors? We
used the NeuroQuery meta-analysis tool** to define activation mapsin
the human cortex for functions of interest. We aligned the activation
maps to the macaque cortex using cross-species functional alignment.
By comparing each functional map to the first two receptor gradients,
we could embed each functioninthe receptor space. We estimated the
homology based onarecently published human-macaque homology
map?’. We also used this alignment to extract the receptor fingerprint
of each functional activity map.

We found that the principal receptor gradient separates visual
activity from higher cognitive activity (Fig. 8). We also observed that the
second receptor gradient separates social-emotional value activity from
numerical and spatial activity (Fig. 8). Activity maps of visual, motor,
attention and emotion functions have a high estimated homology
(Fig. 8). Activity maps of social cognitive, visuospatial, numerical, work-
ing memory and response inhibition functions have lower homology.

The receptor fingerprint for emotion stands out. The emo-
tion activity map overlaps with areas of high 5-HT,, and GABA;, o,
and kainate densities. This contrasts with numerical-spatial activity.
Numerical-spatial activity maps overlap with areas that express more
D;and 5-HT,, receptors. Therefore, this exploratory analysis suggests
thatgradients of receptor expressionalign with gradients of function
along two major axes. These axes distinguish sensory-to-cognitive and
emotion-to-numerical-spatial functions.

Discussion
In this study, we measured receptor expression across the macaque
cortexand uncovered general organizational principles. We discovered
aprincipal gradient of increasing receptor expression along the corti-
cal hierarchy. This receptor gradient separates sensory and cognitive
networks. We show that the size of pyramidal cell dendrites increases
with receptor expression along this gradient. In contrast, myelin and
receptor expression are anticorrelated across brain areas and layers.
The secondary receptor gradient is driven by the serotonin 5-HT,
receptor. We show that 5-HT,, receptor expression across cortex is
very similar between macaques and humans. The secondary gradient
segregates the dorsal attention from the default mode network and
salience network. The second receptor gradient also separates activity
fromsocio-emotional and numerical-spatial functions. This suggests a
potential serotonergic basis for a switch between external and internal
focus of attention and highlights the relevance of the macaque monkey
asaresearch model.

The principal receptor gradient may help functional diver-
sity emerge across the cortex. In the 1950s and 1960s, Sanides and
Braitenberg contended that the cortex is organized in gradients®**.

Recently, gradients of connectivity***, cell types*, receptors”* and

gene expression*** have been found. Many of these properties vary
along an axis that aligns with the cortical hierarchy’*?*, A puzzle is
how anatomical gradients canlead to the emergence of different func-
tions across the cortex. We chose to analyze a representative subset
of receptors for classical neurotransmitters. In the human brain, the
distribution of these receptors segregates cortical types and functional
systems'*', We discovered a principal receptor gradient in macaque
cortex thatincreased along the hierarchy. Along the principal receptor
gradient, we show that receptor expression increases by afactor of 4.
We found that neurons at the top of the gradient have larger dendritic
trees. They are, thus, equipped tointegrate information fromagreater
number of sources. This may be the anatomical basis by which neurons
in higher areas integrate information over longer timescales*® and
display an increased dynamic range". This large and varied receptor
expression may enable neuronsin higher cortical areas to act flexibly.
In contrast, the neurons of early sensory cortex express relatively few
receptors. Thismay ensure that sensory stimuli are processed reliably
indifferent contexts. However, our analysis of dendritic properties was
solely focused on the basal dendrites of layer 3 pyramidal cells’. This is
of particularinterest, as this is the site of recurrent cortical connections
that allow for sustained activity*®. This activity is thought to support
many functions, including working memory and decision-making.
In the future, it will be important to discover whether gradients of
dendritic properties exist for pyramidal cells in other layers and for
interneurons. Increased dendritic length and spine count in frontal
cortex compared to V1 has been shown for the apical and basal den-
drites of layer 3 pyramidal cells in the macaque but not the mouse®.
Itis possible that gradients of receptor expression and function may
also differ between primates and rodents.

The secondreceptor gradient reveals alink between distinct treat-
ments for depression. We found that the second receptor gradient is
dominated by serotonin 5-HT,, receptor expression. This resembles
a pattern seen in vivo in the macaque monkey by means of receptor
positron emission tomography (PET) and ["C]6BPWAY, a full antago-
nist of the 5-HT,, receptor°. It is similar to the rostro-caudal gradient
found in the human brain'**'. Regions scoring high on this gradient
strongly overlap withareas activated during studies of emotion (Fig. 8).
This gradient peaksin the cingulate cortex, with high expressionin the
subcallosal cingulate. This is a principal target of deep brain stimula-
tion for treating depression®. Serotonin release may be reduced in
patients with depression. Interestingly, deep brain stimulation of
the subcallosal cingulate and selective serotonin reuptake inhibi-
tors (SSRIs) have almost identical effects on cerebral blood flow* >,
SSRIs increase the activation of 5-HT,, receptors. They act to reduce
neural activity around the subcallosal cingulate. This counteracts the
increased glucose metabolism seenin patients with depressionin this
area’. Our analysis of 5-HT,, receptor expression suggests that subcal-
losal cingulate stimulation and SSRIs target the same brain network.

The macaque may be a promising animal model for serotonergic
functions andrelated disorders. Here, usingin vitro autoradiography,
wefound that 5-HT,, receptor density in the macaqueis very similarto
the HTR1A gene expression and receptor expressionin humans (Fig.7
and Supplementary Fig. 7). Gene expression is not always a good pre-
dictor of receptor expression. However, a previous study (using PET)
foundthat, inhumans, 5-HT,, receptor and gene expression are highly
correlated®. Here, 5-HT,, had one of the highest gene-receptor cor-
relations of all receptors (Supplementary Fig. 11). This is consistent
with a contemporaneous analysis of gene-receptor correlations in
the human brain by other authors®. Intherat, 5-HT,, receptor expres-
sion also peaked in the cingulate cortex. However, the gradient of
expression was flatter than in the macaque or human brain. Notably,
in the rat, the laminar receptor expression pattern differs from that
observed in human and macaque cortex®. Receptors for serotonin
and other neuromodulators may also be expressed on different cell
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Fig. 8 | Receptor expression in functionally defined networks. Representative
activation patterns for 12 functions were generated using the automatic
meta-analysis software NeuroQuery. These activation maps were transformed
from the human cortex to the macaque cortex using cross-species functional
alignment. Each functional map is located within the two-dimensional receptor

space according to the spatial overlap with the receptor gradients. The intensity
of purple for each term within the plot corresponds to the estimated human-
macaque homology. For each function, the receptor fingerprint plots on the
outside show the average receptor density across significantly activated vertices.
RL, reinforcement learning.

types between rodents and primates®®, Recognizing differences in
serotonin receptor expression across species may beimportant when
interpreting animal models of serotonergic functions and disorders.

The secondary receptor gradient separates the dorsal attention
network from the default mode network and salience network. Asso-
ciation cortex can be divided into four networks (dorsal attention,
salience, frontoparietal and default). These networks each occupy

parts of the frontal, parietal and temporal lobes. In several patches of
cortex, they appearinaconsistent order”. Among the higher cognitive
networks, the dorsal attention network lies closest to sensory areas.
The dorsal attention network is active when attention is focused on
external stimuli*’. The default mode network lies farthest away from
sensory areas. The default mode networkis active when attentionis not
focused onthe externalworld. Thisincludes during autobiographical
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memory orimagination®. Activity in these two networks is often anti-
correlated®*, inline with their opposing roles in cognition. The fron-
toparietal network (also known as the multiple demand system, the
cognitive control network and the central executive network) lies
anatomically between these two networks. The frontoparietal net-
work may couple with either of the other two networks, depending on
task demands®'. In line with this role, we found that the frontoparietal
network liesbetween the dorsal attention and default mode networks
along the secondary receptor gradient (Fig. 6).

Serotoninand noradrenaline release may shift the brain frominter-
nally focused to externally focused attention states. The mechanism
of antagonism between the dorsal attention network and the default
mode network is unknown. It could result from long-range projections
to inhibitory neurons®’. Here, we show that serotonin release should
engage 5-HT,, receptorsin the default mode and salience networks. The
noradrenaline alreceptor similarly peaks in these networks. The sali-
ence network can switch the brain from default mode network to fron-
toparietal and dorsal attention network-dominated activity**. Some
stimuli, such as surprising stimuli, activate the salience network and
also induce serotonin and noradrenaline release®*****, This suggests
afunctional link between these systems that supports the anatomical
results found here. The 5-HT,, receptor has a high affinity for serotonin.
For thisreason, it normally dominates cortical serotonin processing.In
contrast, massive serotonin release under extreme conditions engages
5-HT,, receptors®. These are events when attention needs to be rapidly
shifted to external stimuli. We show that the excitatory effects of the
5-HT,, receptors may complement the 5-HT,, effects by exciting the
dorsal attention and frontoparietal networks (Supplementary Fig. 11).
Therefore, serotonin and noradrenaline release may shift activity
betweenrelatively stable states. This is compatible with recent findings
that genes for neuromodulatory receptors are expressed at cortical
locations that may affect the flow of brain states over time®®. This sug-
gestsapotential neuromodulatory mechanism by which the brain may
shift activity between cardinal cognitive networks.

Thehighneurondensityin Vlunderliesits high receptor expression.
Agradient of receptor expression was recently discovered inthe human
cortex'?. The human receptor gradient resembles the principal receptor
gradient of the macaque brain. An advantage of studying the macaque
cortex is that it allows for comparison with gold standard invasive ana-
tomy data. For example, comprehensive maps of neuron density are not
currently available for the human®. We compared the receptor and neuron
density data. This revealed that several receptors are highly expressed
inVlbecause of the high neurondensity in that area. The receptor maps
thatwe provide are only asnapshotintime. In the future, much remains
to be discovered, including the variation by sex, pathological changes
associated with brain disorders and changes across time.

The present study provides insights into the relationships between
the densities of 14 receptors fromsix classical neurotransmitter systems
andcortical hierarchy inthe macaque monkey brain. Across these recep-
tors,some methodological considerations must be considered because,
despite decades of research, not all currently available ligands are able
tocompletely segregate different receptor types (for example, D,and D
receptors; Supplementary Table 4). Interestingly, the NMDA receptor
antagonist [?H]MK-801 was found to inhibit human nicotinic acetyl-
cholinereceptors by blocking the open pore®”“®, Because the nicotinic
receptor channel requires acetylcholine to open, and all endogenous
substances were removed during the pre-incubation step of the binding
protocol, itis highly unlikely that the binding sites labeled here with [*H]
MK-801 include the nicotinic cholinergic receptor. Future studies will
be necessary to develop, characterize and quantify the distribution of
more specific radioligands for all receptor types analyzed here.

Recent developments in large-scale recordings have high-
lighted the distributed nature of cognitive functions. However,
theoretical understanding of how cortical activity patterns enable
function remains limited. The receptor data presented here, along

with connectivity data’, can provide an anatomical basis for large-scale
models and theories of brain function®*7*, Future large-scale theories
of brain function may reveal how flexible higher cognition emerges
along the principal receptor gradient.
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Methods

Invitro receptor autoradiography

Quantitativein vitroreceptor autoradiography was applied to label 14
neurotransmitter receptors in three male Macaca fascicularis brains
(7.3 £ 0.6 years old; body weight 6 + 0.8 kg) obtained from Covance
Preclinical Services, where they were housed and used as control
animals for pharmaceutical studies performed in compliance with legal
requirements. Serotonin 5-HT,, receptor densities were also quantified
in six adult male Lewis rat brains from the Central Animal Facility of
the Hannover Medical School. Animal experimental procedures and
husbandry had the approval of the respective Institutional Animal
Care and Use Committee and were carried out in accordance with the
European Council Directive of2010. Human data used here were previ-
ously published'’®”” and come from the brains of five donors (three
males, 76 + 3 years old) without a history of neurological or psychiatric
diseases. No statistical methods were used to pre-determine sample
sizes, but our sample sizes are similar to those reported in previous
publiCatiOnslz'19'22'23'76'77.

Monkeys were sacrificed by anintravenous lethal dose of sodium
pentobarbital, and brains were removed immediately from the skull.
Brain stem and cerebellum were dissected offin close proximity to the
cerebral peduncles, and hemispheres were separated into arostraland
acaudalblock by acutinthe coronal plane of sectioning within the cen-
tral sulcus. Rats were decapitated under ketamine-xylazine narcosis,
and the brains were removed immediately from the skull. Brain tissue
was shock frozeninisopentane at —-40 °C to -50 °C.

Brain tissue was serially sectioned in the coronal plane (section
thickness20 pm)usingacryostat microtome (Leica, CM3050S).Sections
were thaw mounted on gelatine-coated slides, sorted into 22 parallel
series and freeze dried overnight. Alternating series of sections were
processed for visualization of receptors according to previously pub-
lished protocols, which were also established for the macaque brain’”
(Supplementary Table 4), cell bodies® or myelin®, so that there was a
gap of ~-800 pum between two acquired sections for a given receptor
type or histological staining.

Receptor binding protocols encompass a pre-incubation to rehy-
drate sections, a main incubation with a tritiated ligand in the pres-
ence of or without a non-labeled displacer and a final rinsing step
to terminate binding (Supplementary Table 4). Incubation with the
tritiated ligand alone demonstrates total binding; incubation in com-
bination with the displacer reveals the proportion of non-specific
binding sites. Specific binding is the difference between total and
non-specific binding and was less than 5% of the total binding. Thus,
total binding is considered to be equivalent of specific binding’. Sec-
tions were exposed together with standards of known radioactivity
against tritium-sensitive films (Hyperfilm, Amersham) for 4-18 weeks
depending on thereceptor type.

Ensuing autoradiographs were processed by densitometry with
avideo-based image analyzing technique (for methodical details, see
refs. 25,78). In short, autoradiographs were digitized as 8-bit images.
Gray values in the images of the standards were used to compute a
calibration curve indicating the relationship between gray values in
an autoradiograph and binding site concentrations in femtomole
per milligram (fmol mg™) of protein. Concentrations of radioactivity
(R, counts per minute) in each standard, which had been calibrated
against brain tissue homogenate, were converted to binding site con-
centrations (C,, fmol mg™ of protein) using:

_ R ><KD+L
T ExBx W, xS, L

G

where Eis efficiency of scintillation counter used to measure concentra-
tion of radioactivity in brain tissue homogenate (Hidex, 300SL); Bis a
constant representing number of decays per unit of time and radioac-
tivity (Ci min™); W, is protein weight of a standard (mg); S, is specific

activity of theligand (Ci mmol™); K, is the dissociation constant of the
ligand (nM); and L is concentration of the ligand during incubation
(nM, measured by liquid scintillation counting using same counter as
for brain tissue homogenate). The ensuing calibration curve is used
to linearize the autoradiographs—that is, to convert the gray value of
each pixel into a binding site concentration in fmol mg™ of protein.

Cortical areas were identified in the cell-body-stained sections
based on previously published criteria for the rat® and macaque
(Visual®; Parietal®”*** and Motor'?; Cingulate®*, Prefrontal and Orbito-
frontal® ™) brains, and borders were transferred to the neighboring
sections processed for receptor autoradiography. The mean receptor
density for each area was determined by density profiles extracted
vertical tothe cortical surface over aseries of 3-5 linearized autoradio-
graphs perreceptor type, areaandbrain using MATLAB-based in-house
software®’®, Specifically, densities were extracted from three sections
spread throughout areas of the rat brain or small areas of the macaque
brain (for example, area 25) and from five sections for larger areas of
the macaque brain (for example, p24).

Surface representation of cyto-architectonic and
receptor-architectonic atlas and receptor data

In total, 109 cortical areas were defined in the macaque monkey
brainbased on their cyto-architecture and receptor-architecture, as
described above. We call this parcellation the Julich Brain Macaque
Maps (https://search.kg.ebrains.eu/instances/e39a0407-a98a-
480e-9c63-4a2225ddfbe4). The location and extent of the corti-
cal areas were delineated in the three-dimensional space of the
Yerkes19 surface* by L.R., M.N. and N.P.G. using the connectome
workbench software (https://www.humanconnectome.org/soft-
ware/connectome-workbench) by carefully aligning boundaries to
macro-anatomical landmarks identified using the cyto-architecture.
The location of all regions on the Yerkes19 surface were indepen-
dently checked and verified by M.N., S.FW., L.R. and N.P.G. Addition-
ally, the mean receptor densities of all 14 receptor types have been
projected onto the corresponding area on the Yerkes19 surface for
visualization.

Surface representation of neural density data

Collins et al.® measured neural density across the macaque cortex
using isotropic fractionation. Those authors studied the brain of a
4-month-old macaque monkey. Adult neural density is already pre-
sent at this age®. In that article, the cortex is presented as a flat map
divided into sections (that is, the Vanderbilt sections; their Fig. 2 and
Supplementary Fig. 6). We used these maps, along with several sulcal
and areal landmarks (their Fig. 2), to estimate the location of each
cortical section. The landmarks included the following sulci: calcarine
sulcus, lunate sulcus, intraoccipital sulcus, occipitotemporal sulcus,
intraparietal sulcus, cingulate sulcus, lateral sulcus, arcuate sulcus
and principal sulcus and the following brain areas: V1, V2, V4, DM, LIP,
MIP, VIP, AIP, MT, Al, parabelt, insula, 5a, 2, 1, 3b, M1, PMv, PMd, FEF
and SMA. We then transferred the locations of the sections onto the
Yerkes19 surface.

This was performed by S.F.W. and independently verified by L.R.,
M.N.and N.P.G. This allowed us to estimate the neural density in each
ofthe109 areas of the Julich Brain Macaque Maps. Several of the brain
areasintheJulich Brain Macaque Maps overlapped with two or more of
the Vanderbilt sections. Inthese cases, we estimated the neural density
in each Julich Brain Macaque Maps area according to the degree of
overlap with each Vanderbilt section.

The neuron density data were originally in units of neurons per
gram, and the receptor density data were in fmol mg™ of protein. To
estimate the receptor density in fmol per neuron, we used the previ-
ously reported figure that 8% of brain tissue is protein®’. Thisamounts
to multiplying by a constant and does not affect the calculation of the
gradients via PCA or the correlations with other maps.
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Receptor gradients

To identify the receptor gradients, we z-scored the receptors-
per-neuron data and performed a PCA. z-scoring ensured that
high-density receptors would not dominate the PCs.

Cortical hierarchy and retrograde tracing data

The cortical connectivity data were obtained from Henry Kennedy
(Lyon, France) and are available at https://core-nets.org. Theretrograde
tracing data were obtained by injections into 40 cortical regions®°.
This was performed using consistent methods in the same laboratory.
We recently estimated the cortical hierarchy using these data, based
on the laminar patterns of connections”. The parcellation for this
connectivity data is already available on the Yerkes19 surface. This
parcellation isknownin BALSA as the M132 atlas. We used this tofillin
hierarchy values on the surface. We estimated the receptor gradients
within each area of the M132 Atlas. Gradient values were calculated
based onthe overlap with each area of theJulich Brain Macaque Maps.

Surfacerepresentation of dendritic data

Elstonetal. measured dendritic treelength and spine density across the
macaque cortex. Inour study, we analyzed the data for layer 3 pyramidal
neurons, for which most data are available. We mapped the injection
sitesonto the Yerkes19 template. Borders forinjection sitesin the series
of papers by Elston et al. were drawn on the Yerkes19 template by S.FW.
Allidentified injection sites on the cortical surface were independently
verified by M.N., L.R. and N.P.G. Direct comparison with the hand-drawn
mapswas possibleforareasV1,V2,MT, LIPv,7a,V4, TEO, STP,IT, ant. cing.,
post.cing, TEpd,12vl,Al,3b,4,5,6,7b,9,13,46 and 7m°**°. The following
references werealso used toidentify thelocations of injection sitesonthe
Yerkes19 surface. Areas10,11and 12 (ref.100) were described with refer-
enceto ref. 101. The injection in area TEa, as described in ref. 102, used
themapsinSeltzer and Pandya'®for area definition. We used these maps
to approximate the injection location. Area STP was identified with the
correspondingregion STPpintheatlas of Felleman and Van Essen'**. Area
FEF wasidentified accordingto the descriptioninref.105.Itis described
as lying on the anterior bank of the medial aspect of the arcuate sulcus.
Thereceptor PCscore was averaged within all verticesineachinjection
site. This allowed us to compare dendritic and receptor data.

Cortical Tilw/T2w data

The T1w/T2w data were acquired by Donahue et al.>* and were down-
loaded from the BALSA neuroimaging website (https://balsa.wustl.edu/
study/W336). Tocompare the Tiw/T2w datawith the receptor data, we
simply averaged the T1w/T2w signal within each of the109 areas of the
Julich Brain Macaque Maps.

Cross-species functional alignment and functional
connectivity data

We used cross-species functional alignment to compare macaque and
human data. This method relies on three major steps: (1) construct a
cross-species joint similarity matrix; (2) based on the joint similarity
matrix, calculate matching gradients of functional connectivity across
species; and (3) use the functional connectivity gradients as input to
multimodal surface matching (MSM), to create a vertex-to-vertex
mapping across species. For details of the method, see Xu et al.”; for
asimilar approach, see Mars et al.'®. The original macaque data were
from Oxford, obtained via PRIME-DE. The original human data were
from the Human Connectome Project (HCP).

Xuetal.” transferred the cognitive networks defined in Yeo et al.*®
from human to macaque using this cross-species functional align-
ment®, We used this human-to-monkey mapping to identify the recep-
tor expression across cognitive networks. We excluded the limbic
network fromanalysis. Thisis due toalack of receptor dataand avery
low SNR in fMRI data. We also used this method to compare human
gene expression and functional activation to macaque receptor data.

Human gene expression data
Humangene expression datawere downloaded fromthe Allen Human
Brain Atlas®. We analyzed data from hundreds of microarray samples
across the left cortical hemispheres of six donors (five males, one
female, age 24-55 years).

We performed the following steps to process the gene expression
data.

(1) Remove probes without a valid Entrez ID
(2) Foreachsubject
(a) Extractleft hemisphere cortical samples in native MRIspace
from the SampleAnnot file

(b) Register samples to the native FreeSurfer conformed space

(c) Map samples to the cortical ribbon, using the manually
curatedindividualcorticalsurfacereconstructionsofVincent
BeliveauandMelanie Ganz (https://surfer.nmr.mgh.harvard.
edu/fswiki/AllenBrainAtlas)>
(i) Remove samples >2 mm from the cortical ribbon
(ii) Move samples on edge of cortical ribbon to closest corti-

cal voxel containing no samples

(d) Map samples from volume to individual surface

(e) Register native and fs_LR (HCP) surfaces via the FSaverage
surface, using surface-based alignment. This is likely prefer-
able to volume-based alignment due to the nonlinear distor-
tions that are common with postmortem brains.

(f) Move each sample to closest HCP cortical vertex containing
no samples

(g) Remove samples from medial wall

(3) Remove samples with exceptionally low inter-areal similarity*

(4) z-score across probes, within samples

(5) Map cortical samples to cortical areas, from the HCP MMP
parcellation*

(6) Remove probes that do not have above-threshold expressionin
at least 40% of cortical areas (parcels)*

(7) Account for inter-individual differences using scaled robust
sigmoid normalization'”1%

(8) Map significant probes to cortical areas
(a) Foreachareaand probe

(i) Check if there are any samples within an area that show
significant expression for that probe
(1) Ifthere are, calculate the average expression of that
probe across all the significant samples within the area
(2) Otherwise, foreachvertexinthearea, find the closest
samplewithsignificantexpressionofthatprobe.Then,
calculate the average of the closest samples (one per
vertex) to estimate the expression for the area*’.

(9) Create the gene expression by cortical area matrix. For each
gene assessed via multiple probes, we selected the most repre-
sentative probe, as follows*’. Where two probes were available,
we selected the probe with the maximum gene expression vari-
ance across cortical areas. If three or more probes were avail-
able, we selected the probe with the highest average correlation
(of expression across areas) with the other probes.

Our code for pre-processing and analyzing gene expression data
onthe cortical surfaceis available. The code also enables easy visualiza-
tion of gene expression dataonthe cortical surface. Lastly, it allows for
easy correlation of gene expression datawith various other anatomical
and functional maps. Access the code on github (https://github.com/
seanfw/genemapper).

Receptor expression within functional activity maps from
NeuroQuery

We used ahuman meta-analysis database to explore potential receptor
expression—function associations. We first identified 12 representa-
tive cognitive topics. These included basic sensorimotor functions
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(for example, visual, pain and motor) and higher-order functions (for
example, attention, emotion, reinforcement learning and working
memory). We performed a decoding analysis based on the recently
published meta-analysis database NeuroQuery>¢. We then gener-
ated the likelihood z-map in human Montreal Neurological Institute
(MNI) volume space. Next, we mapped each of the likelihood z-maps
from the MNI volume space to the FreeSurfer fsaverage surface. This
was performed using the RF-ANTs (that is, ANTs-based registration
fusion) tool'”’. After that, z-maps were further transformed toHCP fsLR
surface using the HCP tool wb_command. z-maps were then projected
tothe macaque Yerkes19 template space using cross-species functional
alignment®. We then binarized the likelihood z-maps (thresholded
atz>3.1). This enabled us to locate the significant brain areas associ-
ated with each cognitive topic. Finally, we examined the association
between cognitive topics and receptor expression patterns. We did
this by measuring the overlap (that is, Dice coefficient) of the binarized
maps with 20 percentile bins of receptor gradient maps in macaque
space". Note that the functional activation map is driven from the
human meta-analysis database. Thus, we used the human-macaque
homology score to weight the cognition terms of interest. For each of
the 12 functions, we extracted the average receptor expression across
all vertices with significant functional activation (z > 3.1).

Statistical analysis
The mean receptor expression across three brains was used for most
analysis. We analyzed variation in receptor expression across 109
regions of these brains. Pearson correlations were performed between
the receptor PCs and several other anatomical and functional maps.
Datadistribution was assumed to be normal, but this was not formally
tested. Similar results were obtained using equivalent non-parametric
tests. We provide the two-tailed P value, adjusted to account for the
spatial autocorrelation of the data®. These spatial P values were then
Bonferroni corrected based on the number of correlations between
receptor gradients and structural or functional maps. No animals or
data points were excluded from the analyses for any reason.

We defined the gradient dependence of PCs on receptor types
as follows.

Wefirstcomputethesingularvaluedecompositionofthenormalized
receptor data matrix. The data were normalized by removing the
mean from each column and then dividing each column entry by that
column’s standard deviation.

Xnorm = USVT

Therepresentation of the datain the PC spaceis given by

Z=US

In the singular value decomposition, X,,,,, = USV". S is a diagonal
matrix, with the singular values of X, along the diagonal in decreasing
order. Uisan orthonormal matrix whose columns are the left singular
vectors of X,,m. To reconstruct the original normalized data, we can
multiply Zby V'. Vis an orthonormal matrix whose columns are the
right singular vectors of X,,,,..,. T here denotes the transpose.

Xnorm = vt

To reconstruct the data with the first (n — 1) PCs removed (X**),
we can calculate

XPCn+ =7 VT

n+Ynt

where Z,. and V,, are Zand Vwith the first (n — 1) columns removed.
Foreach PCn, werepeated the following procedure. We removed
each receptor type r, one at a time, from the dataset X" with (n - 1)
PCsremoved, to obtain a new reduced dataset X, "“"*. This is similarin
spiritto earlier leave-one-receptor-out analyses'’. We then calculated
the projections (Z;,_-"“*") of the data onto the first PC of this reduced
dataset. Note that if we do not remove any receptors from the data-
set, then the first PC of X**"* corresponds to the nth PC of the original

dataset X,,,.. For each PC and receptor, we calculated the Pearson
correlation between the projection of the data onto the original PC
and the new projection:

cov(Z,, Z;, ")

PCn+ =
pZ,,,ZL,, O'Zn()'z1 PCn+
r—

where cov is the covariance and o is the standard deviation. The
gradient dependence gis defined as

—1-_p2
g=1 p(lmll,,fc”)’

where squaring accounts for the arbitrary signs of PCs.

Reporting Summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Dataareavailable intable formatin Supplementary Tables1and 2 and
areavailable on the BALSA neuroimaging repository (study ID: P2Nq],
https://balsa.wustl.edu/study/P2Nql) and the Human Brain Project
platform EBRAINS (https://doi.org/10.25493/5HK3-S8M).

Code availability

Codeused for dataintegration and analysis in this study is available on
GitHub (github.com/seanfw/macaque-receptor-gradientsand github.
com/seanfw/genemapper).
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Functional and/or effective connectivity Thresholded functional connectivity matrices (based on Pearson correlations) were used to create joint-
similarity matrices. See Methods and Xu et al., Neurolmage, 2020 for details.
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