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The spatial patterning of gene expression shapes cortical organization and emergent function. Ad-
vances in spatial transcriptomics make it possible to comprehensively map cortical gene expression in
both humans and model organisms. The macaque is a particularly valuable model organism, due to its
evolutionary similarity with the human. The translational potential of macaque gene expression rests
on the assumption that it is a good proxy for spatial patterns of corresponding proteins (vertical transla-
tion) and for spatial patterns of ortholog human genes (horizontal translation). Here we systematically
benchmark the spatial distribution of gene expression in the macaque cortex against (a) cortical re-
ceptor density in the macaque and (b) cortical gene expression in the human. We find that there is
moderate cortex-wide correspondence between gene expression and protein density in the macaque,
which is improved by considering layer-specific gene expression. We find greater correspondence be-
tween orthologous gene expression in the macaque and human. Inter-species correspondence of gene
expression exhibits systematic regional heterogeneity, with greater correspondence in unimodal than
transmodal cortex, mapping onto patterns of evolutionary cortical expansion. We extend these results
to additional micro-architectural features using macaque immunohistochemistry and T1w:T2w ratio,
and replicate them using macaque RNA-seq and human RNA-seq gene expression. Collectively, the
present results showcase both the potential and limitations of macaque spatial transcriptomics as an

engine of translational discovery within and across species.

INTRODUCTION

The macaque is a foundational and widely used model
organism in neuroscience [5, 19, 55, 79, 80, 85, 95]. An-
imal models allow invasive tracing, imaging and record-
ing, as well as numerous experimental manipulations
that would not be possible in humans, allowing sci-
entists to address a wider range of scientific questions
[15, 84]. Compared to rodents and other non-human
primates (NHPs) such as marmosets, the macaque pos-
sesses several desirable features for studying human
brain structure and function. These include shared evo-
lutionary history, gyrified cortex, and a more human-
like behavioural repertoire including greater ability to
exert cognitive control against distractors during cog-
nitive performance [62, 85, 89, 95]. These similarities
are grounded in the genetic relatedness between the two
species (92% genetic alignment with Homo sapiens) [34].
As a result, the macaque has been used to study the evo-
lutionary and developmental origins of brain anatomy,
cognition, and behaviour [88, 114], as well as the conse-
quences of targeted genetic mutations in transgenic ani-
mals [36, 61, 70, 129].

Recent advances in high-throughput sequencing make
it possible to map spatial patterns of gene expression
across the cortex of humans and other species. This
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is valuable because gene expression is heterogeneous
across the cortex: spatial patterns of gene expression
provide a blueprint for the brain’s structural and func-
tional architecture [12, 22, 54, 67]. Indeed, multiple
reports have inferred transcriptional signatures of cell
types [12, 101, 103, 109, 121], neurotransmitter recep-
tors [4, 13, 17, 29, 90, 110, 132], laminar differentia-
tion [122], cortical thickness [12, 127], structural and
functional connectivity [72, 92, 96, 117], brain dynam-
ics [30, 106], cognitive specialization [51] development
[116, 127] and disease [52, 101, 133], among others
[87]. Key to this endeavour has been the development
of comprehensive spatial transcriptomics datasets. How-
ever, until recently databases of comprehensive cortical
gene expression have been restricted to the human [54]
and mouse [21, 67]. An exciting recent development is
the availability of regionally-resolved transcriptomics for
the macaque brain [12, 22, 23], providing an unprece-
dented opportunity to combine this species’ experimental
accessibility and genetic similarity to humans [78].

Effective translational discovery from macaque gene
expression depends on two fundamental questions. The
first question is whether orthologous genes display sim-
ilar spatial patterning across human and macaque cor-
tex. In other words, can regionally specific gene expres-
sion findings in the macaque be extrapolated to the hu-
man? The second question is whether spatial patterns
of protein-coding genes in the macaque are a good proxy
for spatial patterns of protein density in the same species,
given the numerous intervening steps between mRNA
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transcription and expression of the corresponding pro-
tein at its final location. In other words, if we know the
regional expression pattern of a gene from the macaque
brain, can we infer the regional distribution of the pro-
tein that this gene codes for? Ultimately, as the field em-
barks towards comprehensive transcriptional mapping of
the macaque brain, it is necessary to benchmark both
the horizontal translational potential of these datasets
(from macaque gene expression to human gene expres-
sion) [78] as well as their vertical translational poten-
tial (from macaque gene expression to other modalities
within the macaque brain) [78].

Here, we address these questions by analysing a re-
cently released database of Macaca fascicularis cortical
gene expression [22] from high-resolution, large-field-
of view spatial transcriptomics (“stereo-seq”) [21]. To
benchmark horizontal translation from macaque to hu-
man, we compare macaque stereo-seq transcriptomics
with human cortical gene expression from post-mortem
microarray data of six adult donors’ brains, made avail-
able by the Allen Human Brain Atlas (AHBA) [54, 75]. To
benchmark vertical translation between different modal-
ities, we compare macaque cortical gene expression [22]
against measurements of receptor density in the cortex of
Macaca fascicularis obtained from post-mortem autora-
diography [39] (Fig. 1). Specifically, we focus on neuro-
transmitter receptors, a class of protein complexes that
are essential for brain function, and therefore of par-
ticular interest in both basic research and clinical ap-
plications. Assessing the correspondence between gene
expression and receptor density is of particular inter-
est because gene expression is often used as a proxy
for receptor density in the brain [4, 13, 16, 17, 20, 29,
41, 43, 58, 90, 110, 132]. However, measurements of
gene expression and protein density do not always align
[8, 50, 63, 64, 81, 82, 131, 136]. In the present report
we address these fundamental questions by assessing the
extent to which gene expression in the macaque cortex
reflects human gene expression, and the extent to which
it reflects protein availability in macaque.

RESULTS

We analyze three openly-available datasets:

* Macaque cortical “stereo-seq” gene expression
[22].

* Macaque cortical receptor density per neuron from
in vitro autoradiography [39].

* Human cortical microarray gene expression [54].

To obtain a common space for comparison, we apply
the canonical Regional Mapping (RM) parcellation of the
macaque cortex developed by Kotter and Wanke [9, 66],
alongside its recent translation to the human brain [10],
allowing us to obtain a one-to-one mapping between re-
gions in the two species (Fig. S1; see Methods for details).
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We then ask two questions. First: what is the spatial
correspondence between macaque gene expression and
neurotransmitter receptor density? Second: what is the
spatial correspondence between macaque cortical gene
expression, and human cortical gene expression?

Gene-receptor correspondence in the macaque

To determine whether gene expression is a suitable
proxy for receptor density per neuron across macaque
cortex, we compare stereo-seq macaque gene expres-
sion with quantitative measurements of corresponding
receptor density from in vitro autoradiography, which
uses radioactive ligands to quantify the endogenous re-
ceptors bound in the cell membrane [22, 39]. We
focus on thirteen receptors, covering both ionotropic
and metabotropic receptors and spanning 6 neurotrans-
mitter systems: noradrenergic (aj, «z), serotonergic
(5HT s, 5HT34), dopaminergic (D;), cholinergic (M,
My), glutamatergic (AMPA, kainate, NMIDA) and GABAer-
gic (GABA,, GABAg, GABA,B7). For each receptor, we
identify the corresponding genes in the stereo-seq ex-
pression data. For details on how genes were selected
for multimeric receptors, see Methods; the complete set
of genes related to receptor subunits is shown in Fig. S2.

Fig. 2 shows the spatial correlation between receptor
density per neuron (x-axis) and gene expression (y-axis)
for each receptor. All correlations are evaluated against
spatial autocorrelation-preserving nulls (see Methods),
and significant associations (p < 0.05) are shown in in-
digo. We find that few macaque neurotransmitter recep-
tors correlate significantly with the expression of their
main corresponding genes (5 out of 18 or 28%; Fig. 2) A
similar result is observed when considering the full set of
receptor subunits (16 out of 55, or 29.1%; Fig. S2. The
observation of highly variable gene-receptor correspon-
dence is consistent with findings in humans, using both
in vivo positron emission tomography (PET) and post-
mortem autoradiography [8, 50, 63, 64, 81, 82, 136].

For receptors pertaining to neuromodulatory systems,
we observe significant correlations between density per
neuron of the adrenergic a, receptor with ADRA2A gene
expression; serotonergic 5HT;, receptor density and
HTRIA gene expression; and muscarinic acetylcholine
receptor M, and CHRM2 gene expression. Notably,
DRD1 gene expression barely fails to meet the threshold
for a statistically significant correlation with dopamine
D; receptor density, after controlling for spatial auto-
correlation (p = 0.05); similarly, «; receptor density
and ADRAIA gene expression exhibit the second-highest
value of correlation (Spearman’s » = 0.67), albeit not
significant after accounting for spatial autocorrelation.
For glutamate receptors, we observe significant correla-
tions between AMPA receptor density and GRIA1, GRIA3
and GRIA4 gene expression; kainate receptor density and
GRIK1, GRIK2 and GRIK3 gene expression; NMDA re-
ceptor density and GRIN2C and GRIN3A gene expres-
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Figure 1. Overview | We compare macaque cortical gene expression from stereo-seq [22] with human gene expression from
microarray in homologous regions [54], and with macaque density of receptors per neuron quantified from autoradiography [39]

sion. For GABA receptors, we observed significant cor-
relations between GABA, receptor density and expres-
sion of GABRA6 and GABRQ genes; (with p = 0.05 for
GABRA5); and between GABA,pz binding site density
and expression of GABRA5 and GABRQ (Fig. S2).

Notably, the correspondence between 5HT;4 receptor
density and HTR1A gene expression had also been ob-
served in humans with both in vivo PET and post-mortem
autoradiography, by multiple studies [8, 50, 63, 81], and
even between human genes and macaque receptors [39].

Altogether, the overall level of correspondence between
gene expression and receptor density is consistent with
recent findings in the human brain [50, 63, 64, 81, 136].

One potential reason why receptor density may not
align perfectly with gene expression is that gene tran-
scription occurs in the soma, whereas many receptors are
expressed at the synapse, which for presynaptic receptors
may be far away for neurons with long axons. To inves-
tigate this possibility, we correlate the receptor density
of each cortical region against the average of the gene
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expression of regions that are directly connected to it by
efferent white matter tracts, weighted by the strength of
the connection (see Methods) [52, 104, 105]. The ra-
tionale for this approach is that if receptors expressed
in one region are the result of genes transcribed at the
other end of long-range axons in other regions, then the
receptor’s density should be better predicted by consid-
ering the average of gene expression in neighbouring re-
gions (weighted by the weight of the connection). Our
results rule out this possibility (Fig. S3). No new sig-
nificant gene-receptor correlations emerge, and the only
significant correlations are between HTRIA gene expres-
sion and 5HT;4 receptor density, and between GABRA6
gene expression and GABA, receptor density (Fig. S3),
which were also significant in the original analysis.
Since different neuron types can be preferentially lo-
calised in specific cortical layers, we next seek to deter-
mine whether the imperfect gene-receptor correlations
could be attributable to layer-specificity of relationships
between gene transcription, and the expression of the
corresponding proteins. Therefore, we repeat our pre-
vious analysis, but using layer-specific gene expression
data (Fig. S4 — S9). This approach also allows us to eval-
uate differences between layers. We find that the number
of gene-receptor pairs exhibiting significant spatial corre-
lation across at least one layer is 33 out of 55 (60%): sig-
nificantly higher than the 28% (16 gene-receptor pairs)
that exhibit significance when aggregating across layers
(Fig. 3a-c; x®> = 10.64; p = 0.001). Of these 33 sig-
nificant gene-receptor pairs, 28 (51%) have significant
correlations for 2 or more layers. Crucially, the distri-
bution is not uniform across layers, with layers 4 and 6
enjoying relatively higher proportion of significant cor-
relations for the glutamate receptors, and layers 3 and 5
for the receptors pertaining to neuromodulatory systems
(Fig. 3d). Notably, differences also emerge among re-
ceptor types: only 18.7% of all layer-wise gene-receptor
pairs for GABA are significantly correlated, which is a sig-
nificantly lower proportion than observed for both glu-
tamate receptors (39%; x?> = 13.19; p = 0.003), and
receptors pertaining to neuromodulatory systems (33%;
x? = 4.81; p = 0.028). This layer-specific pattern of cor-
respondences between genes and receptors showcases
the intertwined nature of cortical chemoarchitecture and
laminar differentiation, highlighting the need for more
comprehensive datasets of layer-specific receptor density.

Macaque gene expression recapitulates
micro-architectural features

Is moderate gene-protein correspondence due to noisy
gene expression data? Does macaque gene expression
align with other micro-architectural features? One way
to evaluate this possibility is by assessing whether gene-
protein correlations that we should expect to observe,
based on the literature, can be recovered using these
data. This is indeed the case for the correspondence be-
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tween 5HT4 receptor density and HTRIA gene, which
has been reported in humans with both in vivo PET
and post-mortem autoradiography [50, 63, 81]. Notably,
Fulcher et al. [41] reported high within-species corre-
spondence in the mouse between Pvalb gene expression
and the density of neurons expressing parvalbumin (the
protein that this gene codes for), as well as high cor-
respondence between mouse Pvalb and Calb2 and hu-
man PVALB and CALB2 gene expression. In addition,
Burt et al. [16] observed that macaque protein density
of the calcium-binding proteins parvalbumin and calre-
tinin from immunohistochemistry exhibit similar spatial
patterns as the expression of human PVALB and CALB2
genes, which code for these proteins. Taken together,
these previous results suggest that we should expect to
observe similar spatial patterns for macaque PVALB gene
expression and parvalbumin density, and for macaque
CALB?2 expression and calretinin protein density.

Indeed, we show that macaque PVALB gene expres-
sion is significantly correlated (r = 0.37, p < 0.001)
with an independent measure of density of parvalbumin-
immunoreactive interneurons from immunohistochem-
istry [26, 31, 42, 65] assembled and made available by
Burt et al. [16] (Fig. 4a). Likewise, macaque CALB2
gene expression is significantly spatially correlated with
density of calretinin-immunoreactive interneurons in
the macaque cortex [16] (r = 0.65, p < 0.001;
Fig. 4a). We replicate this result using the relative preva-
lence of calretinin-immunoreactive and parvalbumin-
immunoreactive neurons across a subset of visual, au-
ditory, and somatosensory regions of the macaque from
Kondo et al. [65], one of the original studies aggregated
by Burt and colleagues (Fig. S10).

Additionally, Fulcher et al. [41] reported that both hu-
mans and mice exhibit significant spatial correspondence
between in vivo intracortical myelination (T1w:T2w ra-
tio map), and expression of the key myelin-related genes
MBP/Mbp and MOBP/Mobp, as well as PVALB/Pvalb and
GRIN3A/Grin3a. Here, we demonstrate that each of
these relationships is also observed in the macaque:
we find significant positive spatial correlations between
macaque intracortical myelination, and macaque cortical
expression of MBP (r = 0.70, p < 0.001) MOBP (r = 0.53,
p = 0.043), and PVALB (r = 0.68, p < 0.001); as well as
a significant negative association between T1w:T2w ra-
tio and GRIN3A gene expression (r = —0.66, p = 0.025)
(Fig. 4b) — precisely as reported in [40]. In addition to
demonstrating a close spatial correspondence between
myelin-related gene expression and an in vivo marker of
cortical myelination in the macaque [45, 46, 59], these
results also demonstrate close alignment of our results
with two different mammalian species. Collectively, de-
spite moderate spatial alignment in the specific case of
gene-receptor correspondence, these results indicate that
macaque gene expression can recapitulate many other
in vivo and ex vivo features of macaque cortical micro-
architecture.
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Figure 2. Autoradiography-derived receptor densities versus gene expression in the macaque |

The density of only few

neurotransmitter receptors correlates significantly with the expression of their corresponding gene, across macaque cortex. Indigo
scatter plots indicate significant positive gene-receptor correspondence (Spearman’s r, p < 0.05 against a null distribution with
preserved spatial autocorrelation). Values are z-scored. Bars indicates the proportion of significant correlations (indigo) out of all
gene-receptor pairs (grey), for the subset shown, and for the full set in Fig. S2.

Cross-species correspondence of gene expression

To assess the translational potential of macaque gene
expression to human, we next compare macaque spa-
tial patterns of gene expression, against patterns of hu-
man gene expression obtained from the Allen Institute’s
microarray data [54]. We focus on genes related to
receptor subunits, as well as cell-type markers (par-
valbumin, somatostatin, calbindin, vasoactive intestinal
polypeptide) and the four most abundant mRNAs in
myelin (MBP, FTH1, PLEKHB1, and MOBP) by combin-
ing the lists of receptor-related genes from [50, 81]
with [41], as well as genes coding for SLC6 trans-

porters, histidine decarboxylase (HDC), and syntaxin
(STX1A), hyperpolarization-activated cyclic nucleotide-
gated channels (HCN), potassium channels (KCN), and
sodium voltage-gated channels (SCN), which are also
relevant for brain function. For all analyses, we only con-
sider genes that (a) have a macaque ortholog, and (b)
are available in both the human and macaque datasets
after accounting for all preprocessing criteria, such as in-
tensity filtering, yielding a total of 106 genes.

We find that 52% of genes considered (55/106) ex-
hibit significant spatial correlation between humans and
macaques, after accounting for spatial autocorrelation. A
representative sample of cross-species gene correlations
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Figure 3. Significance between macaque gene expression, and macaque receptor expression across cortical layers and re-
ceptor types | (a) Significance of gene-receptor correlations for GABA receptors. (b) Significance of gene-receptor correlations for
glutamate receptors. (c) Significance of gene-receptor correlations for receptors pertaining to neuromodulatory systems (acetyl-
choline, noradrenaline, serotonin, dopamine). For a-c, indigo cells indicate significant positive gene-receptor correspondence
(Spearman’s r, p < 0.05 against a null distribution with preserved spatial autocorrelation); grey cells indicate no significance.
Columns indicate cortical layers, and rows indicate gene-receptor pairs.(d) Summary of the proportion of significant correlations

from a-c, for each layer and each broad receptor type.

pertaining to receptors is shown in Fig. 5; the full set is
shown in Figs. S11. In other words, we find that inter-
species correspondence of gene expression for genes per-
taining to cell types and receptor subunits is greater than
the correspondence between macaque gene expression
and density of the corresponding receptors, as shown in
the previous section (x? = 7.63,p < 0.006). However,
when we consider macaque gene-receptor pairs having
at least one significant correlation across cortical layers
(instead of aggregating over layers), then the propor-
tion (60%) is comparable to the proportion of signifi-
cant inter-species correlations of gene expression (51%)
(x? = 0.96,p = 0.327).

Is inter-species gene expression correspondence uni-
form across the brain or is it regionally heterogeneous?
Complementary to correlating expression of each gene
across regions (i.e., each data-point being a cortical
region), we can also consider the correlation of ex-
pression of different genes at each cortical region (i.e.,
with data-points being genes) (Fig. 6a). We find that
the regional inter-species correlation of genes is signifi-

cantly greater in unimodal compared to transmodal re-
gions of the cortex (Fig. 6a). These systematic differ-
ences between gene expression in the two species are
reflected in regionally heterogeneous phylogenetic diver-
gence between humans and nonhuman primates, includ-
ing macaques [32, 35, 56, 71, 124, 125, 128]. Indeed,
cortical regions that exhibit the lowest correspondence
of gene expression between macaque and human, are
also the regions that have undergone the greatest corti-
cal expansion between the two species, as quantified in
a recent report of human-macaque cortical expansion by
Xu and colleagues [128]. Specifically, there is a signifi-
cant negative spatial correlation between the two cortical
patterns: Spearman’sr = —0.35, p = 0.002 (Fig. 6b).

Spatial correspondences between macroscopic gradients

So far, we considered all correspondences for an in-
dividual gene and protein basis. However, a rich litera-
ture posits that much of the spatial variation in gene ex-
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(a) Spatial correspondence of macaque

PVALB and CALB2 gene expression, with parvalbumin and calretinin protein density. (b) Spatial correspondence of macaque gene
expression with intracortical myelination from T1w:T2w ratio. Indigo scatter plots indicate significant spatial correspondence
(Spearman’s r, p < 0.05 against a null distribution with preserved spatial autocorrelation). Values are z-scored.

pression follows a small set of dominant gradients, often
identified by applying low-dimensional projections such
as principal component analysis [16, 28, 41, 53, 54]. We
therefore asked whether the results we observed so far
(moderate correspondence between gene expression and
protein density in the macaque; greater correspondence
between gene expression in the macaque and human)
can also be observed at the level of multivariate gradi-
ents.

Demonstrating the biological validity of our macaque
gene PC1, we show that it is significantly spatially corre-
lated with macaque intracortical myelination (quantified
from T1w:T2w ratio), as expected from previous results
in both humans and mice [16, 41] (r = —0.58, p = 0.02;
Fig. 7a). We replicate this result using a different dataset
of macaque intracortical myelination for a subset of re-
gions (Fig. S12). However, corroborating the moderate
pair-wise correspondence between macaque genes and
receptors, the macaque gene PC1 does not exhibit signif-
icant within-species spatial correlation with the macaque
receptor PC1 from autoradiography, once spatial auto-
correlation is taken into account (r = 0.44, p = 0.14;
Fig. 7b). In contrast, reflecting the inter-species corre-
spondence of gene expression, we find that in addition
to the significance of correlations between numerous in-
dividual genes across the two species, there is also a sig-
nificant spatial correlation between the principal com-

ponent of brain-related gene expression (spatial pattern
accounting for most of the variability in the data) in hu-
mans and in macaques - despite being obtained from dif-
ferent techniques (r = 0.64, p < 0.001; Fig. 7c).

Replication with macaque RNA-seq gene expression

We first replicate results using an independent tran-
scriptomics dataset of macaque region-specific bulk RNA-
sequencing [12]. These data comprise a smaller set
of genes coding for neurotransmitter receptors, in-
cluding some overlapping with the genes used in the
present report: DRD2, GABRQ, GRIA4, GRM4, HTRI1B,
HTR2C and SLC6A2. We find significant spatial cor-
relation between macaque stereo-seq and RNA-seq for
5/7 genes (Fig. S13). Replicating our stereo-seq re-
sults for macaque-human correspondence, we find sig-
nificant spatial correlations between macaque RNA-seq
gene expression and human microarray gene expression,
for the four genes that were available for both human
and macaque (DRD2, GRIA4, GRM4, HTR2C) (Fig. S14).
Finally, we compare macaque RNA-seq gene expression
against macaque receptor density (Fig. S14). We ob-
serve moderate correlations between AMPA receptor and
GRIA4 gene expression, and between GABRQ gene ex-
pression and GABA,4 receptor density, but neither reached
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Figure 5. Spatial correspondence between the expression of the main available brain-relevant genes in humans (from
microarray) and macaques (from stereo-seq) | The majority of macaque genes exhibit significant spatial correlation with the
corresponding human ortholog genes. Indigo scatter plots indicate significant human-macaque correspondence (Spearman’s r,
p < 0.05 against a null distribution with preserved spatial autocorrelation). Values are z-scored. Bar indicates the proportion of
significant correlations (indigo) out of all gene-gene pairs (grey).

significance in the RNA-seq data (r = 0.22, p = 0.05 and
r = 0.42, p = 0.06). We do find correspondence between
oz receptor and ADRA2C gene expression; although the
latter gene was not available in the stereo-seq dataset,
we did observe «ay receptor to correlate with ADRA2A
gene expression (Fig. S15).

Replication with human RNA-seq gene expression

We also replicate results using an alternative measure-
ment of human gene expression, RNA-seq, available in
2/6 AHBA donors [54]. Patterns of spatial correspon-
dence between human RNA-seq gene expression and
macaque stereo-seq gene expression are consistent with
microarray results, including significant correlations be-
tween human and macaque PVALB, SST, CALB2, GRIAI,
GRIK2 and HTR1A (Fig. S16). We also find similar corre-
spondence between human RNA-seq and macaque RNA-
seq S17. Univariate correspondences are also recapitu-

lated at the multivariate level, where we replicate the
significant correlation between macaque gene PC1 and
human gene PC1 obtained from RNA-seq (Fig. S18).
Lastly, the pattern of inter-species correlation of each re-
gion’s gene expression, which we obtained by comparing
macaque stereo-seq against human microarray data, is
also recapitulated when human RNA-seq data are used
instead (Fig. S19). Collectively, these checks demon-
strate that our results are robust across different datasets
and measurements (human microarray and RNA-seq;
macaque stereo-seq and RNA-seq).

DISCUSSION

Comprehensive gene expression in the macaque holds
promise as a means of learning about correspondence
with the human brain, as a proxy for other neuroimaging
modalities in the macaque, and also to expand the value
of the macaque as a model organism, including for gene
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Figure 7. Spatial correspondence across macaque gradients | (a) Macaque gene PC1 is significantly spatially correlated with
macaque intracortical myelination (quantified from T1w:T2w ratio). (b) Macaque gene PC1 does not correlate with macaque
receptor PC1. (c) Macaque gene PC1 is significantly spatially correlated with human gene PC1. Indigo scatter plots indicate
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therapy [37, 60]. Here we sought to comprehensively  pared the spatial distribution of gene expression in the
benchmark the potential for vertical (within species)  macaque cortex with (a) macaque cortical receptor den-
and horizontal (between species) translation [78] us- sity and intracortical myelination and (b) cortical gene
ing recently released spatial transcriptomics dataset from  expression in the human. As we outline below, we find
Macaca fascicularis [12, 22]. We systematically com-  moderate correspondence between gene expression and
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receptor density in the macaque, but greater correspon-
dence with other micro-architectural features (calcium-
binding proteins, T1w:T2w ratio) and between gene ex-
pression in the macaque and human.

Within-species correspondence between macaque
gene expression and receptor density is generally mod-
erate, and variable across receptor-gene combinations.
This result is in line with the modest correspondence be-
tween mRNA and protein abundance previously reported
in the literature [6, 14, 27, 49, 99, 118, 134], includ-
ing in human brain tissue [47, 123]. More importantly,
our results validate recent results pertaining specifically
to gene-receptor correspondence in the human brain,
which showed that relatively few receptors (whether
measured from in vivo PET or post-mortem autoradio-
graphy) exhibit significant spatial covariation with ex-
pression patterns of the corresponding genes from hu-
man microarray data [50, 63, 64, 81, 136]. Nonetheless,
we do find that some specific gene-protein pairs exhibit
robust spatial correlations in the macaque brain. These
include parvalbumin-PVALB and calretinin-CALB2 corre-
spondence, consistent with the literature in both human
and mouse [16, 41], as well as significant spatial correla-
tion between HTRIA gene expression and 5HT 4 recep-
tor density in the macaque. In the human, [50] showed
that the HTR1A gene was the only one to show signif-
icant correlation with expression of the corresponding
receptor (5HT14) across both PET and autoradiography.
Correspondence between HTRIA mRNA and (5HT;,) re-
ceptor density has been reported in humans by multiple
studies [8, 63, 81, 94, 112]. The present results not only
corroborate the results obtained by [50, 81, 136] in a dif-
ferent species and with different modalities, but they also
validate the recent result of [39], who reported a signifi-
cant correlation between human HTRIA gene expression
and macaque 5HT ;4 receptor density. Likewise, [50] and
[81] reported significant correlation between ADRA2A
and «y in humans, and [39] reported significant corre-
lation between macaque «, density and human ADRA2A
gene expression. Taken together, these previous results
suggest that ADRA2A expression and « density might
also be correlated in the macaque—which is what we
found. Importantly, although we observed limited gene-
receptor correspondence in the macaque when consid-
ering gene expression aggregated across cortical layers,
60% of gene-receptor pairs (i.e., twice as many) exhib-
ited a significant correlation for at least one cortical layer.
This finding suggests that the limited gene-receptor cor-
respondence reported in the human literature [50, 81]
may partly be due to the aggregation of gene expression
across cortical layers.

More broadly, there are numerous biological reasons
why expression of a gene may diverge from density of the
corresponding protein [73, 86]. First, total gene expres-
sion level does not take into account the mRNA stabil-
ity resulting from post-transcriptional regulation, which
may influence protein abundance, since RNA abundance
of each gene is determined by its rates of transcription
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and RNA decay [1]. Second, variation in protein sta-
bility and thus half-life of proteins as well as the modu-
lated activity of protein transport machinery which de-
termines the final subcellular localization of the protein
may affect protein abundance [6, 69, 102, 130]. Rates
of degradation in postmortem tissue can vary widely for
mRNA and proteins, spanning several orders of magni-
tude: minutes for mRNA, hours to years for proteins
[14, 73, 86, 99, 136]. Third, the proportion of differ-
ent cell types in a tissue sample may distort the gene
expression-protein density correspondence due to differ-
ences in the proteome and transcriptome [107, 135].
Fourth, studies in yeast [57] have demonstrated that
translation rate also alters protein levels and correla-
tion between mRNA expression and protein abundance.
Fifth, the protein itself may be transported far from the
coding mRNA, resulting in a spatial discrepancy between
mRNA and protein levels—for example in the case of
presynaptic receptors located at the end of long axonal
projections (note however, that we largely ruled out this
possibility by showing that the gene expression does not
correlate with the weighted average of a region’s synap-
tically connected neighbours’ receptor density).

Altogether, the variation in the activity of any of these
biological processes may contribute to the observed dif-
ference in levels of mRNA expression and protein density
in the cortex, including both calcium-binding proteins
and receptors. However, since neurotransmitter recep-
tors are protein complexes bound in the cell membrane,
there are additional receptor-specific biological processes
that may explain why gene-receptor correspondence was
generally not as good as the correspondence between
gene expression and parvalbumin and calretinin. This
is because there are multiple steps between synthesis
of a single protein and it being found forming part of
a multimeric structure embedded in the cellular mem-
brane. Any formed receptors that do not bind to the
membrane will fail to be detected from autoradiography.
Additionally, post-transcriptional and post-translational
modifications such as receptor assembly and traffick-
ing as well as variations in subunit composition, which
play an integral role in synaptic function and plasticity
[2, 18, 25, 48, 68, 74, 100, 126], can further contribute
to decoupling mRNA expression from the final receptor
prevalence.

We find that more than half ( 51%) of genes pertaining
to receptor and neural cell type markers exhibit signifi-
cant spatial correlation between human and macaque.
How the spatial transcriptomes of the macaque and hu-
man align across the cortical sheet is an important bench-
mark for the translational potential of this model organ-
ism. Interestingly, we find that inter-species correspon-
dence is regionally heterogeneous but highly systematic.
Namely, correspondence is greatest in unimodal cortex
and lowest in transmodal cortex — consistent with [7],
who reported that similarity of gene expression patterns
between human and mouse is higher in sensorimotor
than in association cortices. This pattern of genetic di-
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vergence may then drive divergence in cell types, cir-
cuits, and macroscopic features of cortical organization;
for example, we find that regions in which human gene
expression diverges most from macaque also show the
greatest expansion in grey matter, as reported by Xu and
colleagues [128]. This regional heterogeneity bears an
important implication for future spatial transcriptomics
studies; namely, confidence in translational inferences
depends on where in the brain the transcriptome is sam-
pled. Therefore, for horizontal translation from macaque
to human it is desirable that transcriptomic sampling
should span a variety of brain regions (ideally, whole
brain) and be accompanied by precise 3-D spatial loca-
tions.

Correspondence between human and macaque is also
heterogeneous in terms of specific genes. Once again,
however, this heterogeneity is not random. On the con-
trary, several genes displaying high inter-species corre-
spondence between human and macaque are also known
to be conserved between humans and mice. Using
each species’ Tlw:T2w ratio map to define a common
spatial reference for inter-species comparison, previous
work identified a number of brain-related genes that
exhibit strong inter-species consistency between human
and mouse, including the interneuron markers Pvalb and
Calb2, the oxytocin receptor gene Oxtr; the glutamate re-
ceptor genes Grin3a, Grik1, Grik2, and Grik4; the myelin
marker genes Mobp and Mbp; and the serotonin htrla
gene [41]. Here we find that, except for Grik4 and
Mbp, all these genes exhibit significant correlations be-
tween human microarray and macaque stereo-seq data,
with most (including GRIK4) also correlating with hu-
man RNA-seq data (note that we used direct spatial cor-
relation between human and macaque cortical expres-
sion patterns, rather than the indirect approach of [41],
thanks to the availability of the same parcellation in
both species). Together with the results of [41], our
results further establish that many genes pertaining to
microstructure and receptors exhibit robust spatial simi-
larities across mammalian species, even when measured
through diverse techniques (in situ hybridization in the
mouse; microarray and RNA-seq in humans; stereo-seq
in macaques).

This comparative work integrates multiple unique
datasets, entailing inherent methodological limitations
for each dataset and for comparisons between datasets,
including: (1) macaque gene and receptor expression
come from different animals; (2) data are post-mortem
rather than in vivo, and the consequent small number
of animals and humans that provided data; (3) gene
expression was estimated from different transcriptomics
techniques in different species (microarray and RNA-seq
for humans; stereo-seq and RNA-seq for macaques); (4)
limited cortical coverage for the macaque gene expres-
sion data (left hemisphere only); (5) limited cortical cov-
erage for the autoradiography data (no temporal lobe);
(6) restriction to cortical sampling.

In light of these limitations, we instituted several
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checks. ~We showed that the principal component
of macaque gene expression correlates with macaque
T1lw:T2w ratio map (Fig. 7a), as expected based on
analogous correspondences in both human and mouse
[16, 41]. Macaque gene PC1 also correlated with hu-
man gene PC1, but not with macaque receptor PC1—
recapitulating in a multivariate fashion the results ob-
served for individual genes and receptors. We also
showed that macaque PVALB gene expression correlates
with human PVALB expression, as expected based on
the strong inter-species correspondence between human
PVALB and mouse Pvalb [41]). Using an independent
dataset, we further showed that macaque PVALB also cor-
relates with parvalbumin protein density in the macaque.
Together with the correspondence between HTRIA and
5HT;,4, this evidence indicates that when there is rea-
son from the literature to expect a correspondence be-
tween protein density and gene expression, it is also ob-
served in our data. In particular, the correspondence be-
tween HTRIA and 5HT;4 was observed in both supra-
granular (L2, L3) and infragranular (L5, L6) layers of
macaque cortex, consistent with human findings [50],
even though our own layer-wise data were for the gene
expression, whereas [50] used layer-wise information
about receptor density. Notably, 5HT;4 receptors are ex-
pressed more prominently near the soma (including the
axon initial segment), than in the apical dendrite [91],
which may provide a neuroanatomical explanation for
their higher correlation in layers 2/3/5. In contrast, the
high glutamatergic gene-receptor correlations for layer 4
may occur because L4 neurons do not have big dendritic
trees (in particular, they do not have apical dendrites).
12/3 and L5 pyramidal cells have broad dendritic trees
with apical dendrites reaching up to L1, and therefore
can be expected to have many receptors far from the
soma. Lastly, we replicated all results using different
macaque gene expression data, different protein mea-
surements; and different human gene expression data.

As a final limitation, the datasets used here were each
originally provided according to different parcellation
schemes and different granularity of sampling. To make
all data comparable, we opted to use the canonical Re-
gional Mapping parcellation of the macaque cortex de-
vised by Kotter and Wanke [9, 11, 66], for which tract-
tracing and diffusion tractography have already been
integrated into a high-quality structural connectome
[108]. A human version of this parcellation has been
made available, based on functional/cytoarchitectonic
landmark-based registration [10, 83]. Crucially, the Re-
gional Mapping atlas was devised with the explicit goal
of resolving conflicts between different parcellations in
humans and other primate species, by capturing the most
consistent cytoarchitectonic, topographic, or functionally
defined regions that appear across primate specie s[10,
66] — making it especially well-suited for the needs of
the present study to translate between datasets provided
in different parcellations. However, alternative macaque
atlases exist [113], and cross-species brain mapping is
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a rapidly-evolving field [32, 35, 55, 71, 124, 128]; dif-
ferent parcellation approaches (e.g., based on differ-
ent architectonic features, or different imaging modali-
ties) may not always coincide about the exact correspon-
dence between specific cortical locations, especially for
densely-sampled data such as functional and structural
MRI [55]. Indeed, whereas here we have used a common
parcellation to compare different data modalities within
macaque and between macaque and human while keep-
ing regional identity fixed, future efforts may take the
opposite approach. On one hand, combining some of
the recently released datasets about different macaque
architectural features is bound to yield richer parcella-
tions of the macaque brain [44, 55]. On the other hand,
the availability of gene expression datasets in both hu-
mans and macaques may provide the means to enhance
existing characterisations of cortical alignment between
the two species based on similarity of gene expression,
as recently done between human and mouse [7].

Nonetheless, despite the limitations that come with
needing to map each original dataset onto a common
parcellation, we are reassured that this step has not un-
duly influenced our results. Our findings are highly con-
sistent with the literature in other species (e.g., corre-
spondence of T1w:T2w ratio with myelin-related genes
and PVALB, GRIN3A, and gene PC1; PVALB-parvalbumin
and CALB2-calretining correspondence; HTRIA and
5HT14), suggesting that the quality of our mapping of
the different datasets into a common atlas is sufficient to
identify a significant correspondence, where one is ex-
pected. Note also that we assessed the statistical sig-
nificance of each correlation against null distributions
of maps with preserved spatial autocorrelation, ensur-
ing that our results are not driven by the role of spa-
tial symmetry or granularity of the data [77]. Lastly,
the Regional Mapping atlas is the parcellation scheme
used by the popular TheVirtualBrain (TVB) platform for
multimodal data sharing and computational modelling
[93, 97, 108], enabling smooth integration of macaque
gene and receptor expression data with other available
data modalities and brain modelling workflows.

In summary, we find moderate within-species gene-
receptor correspondence in the macaque cortex, with
notable layer-specificity. In contrast, there is better
inter-species correspondence for many genes underlying
fundamental aspects of brain organisation, such as cell
types, receptor subunits, and myelination. This inter-
species correspondence of gene expression exhibits sys-
tematic regional heterogeneity, giving rise to a corti-
cal pattern of inter-species divergence that recapitulates
the inter-species divergence in cortical morphometry.
Throughout, our results demonstrate excellent concor-
dance with findings from the translational neuroscience
literature in other organisms (similarity of gene expres-
sion between human and mouse; limited gene-receptor
correspondence in humans) and also using alternative
techniques such as immunohistochemistry and T1w:T2w
MRI contrast. Taken together, the present results show-
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case both the potential and limitations of macaque spa-
tial transcriptomics as an engine of translational discov-
ery within and across species.

METHODS
Macaque cortical gene expression from stereo-seq

We used cortex-wide macaque gene expression data
recently made available by [22], who combined
single-nucleus RNA sequencing (“snRNA-seq”) with
high-resolution, large-field-of view spatial transcrip-
tomics from spatiotemporal enhanced resolution omics-
sequencing (“stereo-seq”) [21]. Specifically, the au-
thors made available (https://macaque.digital-brain.cn/
spatial-omics) post-mortem gene expression data cover-
ing 143 regions of the left cortical hemisphere of one 6yo
male cynomolgus macaque (Macaca fascicularis). We re-
fer the reader to [22] for details. The animal protocol
was approved by the Biomedical Research Ethics Com-
mittee of CAS Center for Excellence in Brain Science and
Intelligence Technology, Chinese Academy of Sciences
(ION-2019011). Animal care complied with the guide-
line of this committee [22].

Briefly, Chen and colleagues obtained 119 coronal sec-
tions at 500-um spacing, covering the entire cortex of
the left hemisphere, which were used for stereo-seq tran-
scriptomics [22]. Adjacent 50-um thick sections were
also acquired for regional microdissection and snRNA-
seq analysis, as well as 10-um sections adjacent to each
stereo-seq section, which were used for the anatom-
ical parcellation of brain regions via immunostaining
[22]. Stereo-seq is a DNA nanoball (DNB) barcoded
solid-phase RNA capture method [21]. It involves re-
verse transcription of RNAs released from frozen tis-
sue sections fixated onto the stereo-seq chip, and sub-
sequent PCR amplification. The resulting “amplified-
barcoded complementary DNA (cDNA) is used as tem-
plate for library preparation, and sequenced” to obtain
high-resolution spatially resolved transcriptomics [21].

Gene expression data were made available for 143 cor-
tical regions of the left hemisphere, including prefrontal,
frontal, cingulate, somatosensory, insular, auditory, tem-
poral, parietal, occipital and piriform areas. As reported
in [22], for each coronal section, the cortical region and
layer parcellation were manually delineated on Stereo-
seq data background, based on cytoarchitectual pattern
(e.g. cell density, cell size) revealed by total mRNA ex-
pression, nucleic acid staining, and NeuN staing of adja-
cent sections. To make the gene expression data compa-
rable across our datasets, the combined gene expression
across layers was manually mapped onto the cortical re-
gions of the “regional mapping” macaque atlas of Kotter
and Wanke [66], mirroring data between hemispheres.
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Macaque receptor density from in vitro receptor
autoradiography

In vitro autoradiography data for 14 neurotransmit-
ter receptors were obtained from [39]: AMPA, kainate,
NMDA, GABAa, GABAg, GABA/Bz, M1, M2, M3, oy, a2,
5HT;4, 5HT24, D;. The authors applied quantitative in
vitro receptor autoradiography to label 14 neurotrans-
mitter receptors in three male Macaca fascicularis brains
(7.340.6 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. Ani-
mal experimental procedures and husbandry had the ap-
proval of the respective Institutional Animal Care and
Use Committee and were carried out in accordance with
the European Council Directive of 2010 [39]. We refer
the reader to [39] for details.

Briefly, brain tissue was serially sectioned in the coro-
nal plane (section thickness 20 ym) using a cryostat mi-
crotome (Leica, CM3050S). Sections were thaw mounted
on gelatine-coated slides, sorted into 22 parallel series
and freeze dried overnight. Receptor binding proto-
cols encompass a pre-incubation to rehydrate sections,
a main incubation with a tritiated ligand in the presence
of or without a non-labeled displacer and a final rins-
ing step to terminate binding. Incubation with the tri-
tiated ligand alone demonstrates total binding; incuba-
tion in combination with the displacer reveals the pro-
portion 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 bind-
ing. Sections were exposed together with standards of
known radioactivity against tritium-sensitive films (Hy-
perfilm, Amersham) for 4-18 weeks depending on the re-
ceptor type. Ensuing autoradiographs were processed by
densitometry with a video-based image analyzing tech-
nique. 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 rela-
tionship between gray values in an autoradiograph and
binding site concentrations in femtomole per milligram
(fmol - mg~1) of protein. Concentrations of radioactivity
(R, counts per minute) in each standard, which had been
calibrated against brain tissue homogenate, were con-
verted to binding site concentrations (Cb, fmol - mg=! of
protein). The ensuing calibration curve was used to lin-
earize the autoradiographs—that is, to convert the gray
value of each pixel into a binding site concentration in
fmol - mg~! of protein [39].

The data of density of receptors per neuron were made
available for 109 cortical areas of the macaque brain,
which were identified based on their cytoarchitecture
and receptor-architecture characteristics [39]. To enable
comparison across datasets, we re-sampled these data to
the Regional Mapping macaque cortical parcellation of
Kotter and Wanke [66] (see Fig. S20a,b).
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Human gene expression

Regional human gene expression profiles were ob-
tained using microarray data from the Allen Human
Brain Atlas (AHBA) [54], with preprocessing as recently
described [132]. The Allen Human Brain Atlas (AHBA) is
a publicly available transcriptional atlas containing gene
expression data measured with DNA microarrays and
sampled from hundreds of histologically validated neu-
roanatomical structures across normal postmortem hu-
man brains from six donors (five male and one female;
age 24-55 years). We extracted and mapped gene ex-
pression data to the 82 cortical ROIs of our parcellation
using the abagen toolbox https://abagen.readthedocs.
io/ [75]. Data were pooled between homologous cortical
regions to ensure adequate coverage of both left (data
from six donors) and right hemisphere (data from two
donors). Distances between samples were evaluated on
the cortical surface with a 2mm distance threshold. Only
probes where expression measures were above a back-
ground threshold in more than 50% of samples were se-
lected. A representative probe for a gene was selected
based on highest intensity. Gene expression data were
normalised across the cortex using scaled, outlier-robust
sigmoid normalisation. 15,633 genes survived these pre-
processing and quality assurance steps. For compari-
son with the macaque data, the human gene expression
data were parcellated into a human-adapted version of
the cortical parcellation of Kotter and Wanke [66], as
adapted to the human brain by [10] (see Fig. S20c,d).
We only included in our analyses genes with a one-to-
one ortholog between Homo sapiens and Macaca fascic-
ularis. We also replicate our main results using human
gene expression data from an alternative modality, RNA-
seq, which was available from 2/6 AHBA donors [54].

Gene-receptor pairs

Neurotransmitter receptors are protein complexes
bound in the cell membrane. They can be classi-
fied as ionotropic (if signal transduction is mediated
by ion channels) or metabotropic (G-protein coupled).
Ionotropic receptors are multimeric complexes consist-
ing of multiple subunits, each encoded by a distinct gene.
Metabotropic receptors are monomeric complexes: al-
though there are several associated second messenger
components, there is only a single protein embedded in
the membrane, which is therefore encoded by a single
gene. Therefore, for monomeric receptors, we corre-
lated protein density with expression of the correspond-
ing gene. For multimeric receptors, which involve dis-
tinct subunits, in our main analysis we correlated protein
density with expression of genes coding for the same sub-
units as used in [50].

* GABA,: this pentamer can be coded by up to 19
subunits. In our main analysis we show correla-
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tions with genes coding for the three primary sub-
units: oy, B2 and vs.

* GABAg: our main analysis reports correspondence
with genes coding for both subunits.

* AMPA: in our main analysis we show correlations
with the GRIAI gene. Correlations with additional
genes as used in [81] are reported in the Supple-
mentary.

* NMDA: in our main analysis we show correlations
with the GRINI gene, which encodes the N1 sub-
unit. Correlations with additional genes as used in
[81] are reported in the Supplementary.

* Kainate: we show results for the GRIK2 gene in our
main analysis. Correlations with additional genes
as used in [81] are reported in the Supplementary.

Since macaque gene expression data from [22] do not
include the CHRM3 gene that codes for the M3 recep-
tor, this receptor could not be included in our analy-
ses. Macaque gene expression was also not available for
ADRAIC (pertaining to the «; receptor), so we only in-
cluded genes ADRAIA and ADRAIB. Likewise, ADRA2B
and ADRA2C genes (pertaining to the ao receptor) were
not available, so we only used ADRA2A.

Macaque T1w:T2w maps and parvalbumin and calretinin
immunohistochemistry

For our main analysis, we used the map of macaque in-
tracortical myelination from T1w:T2w ratio made avail-
able by [39]. These data were available in the same 109-
area parcellation of the macaque cortex as the receptor
data. We therefore followed the same procedure and re-
sampled these data to the Regional Mapping macaque
cortical parcellation of Kotter and Wanke [66].

Burt and colleagues [16] assembled data on the
mmunohistochemically measured densities of calretinin-
(also known as calbinding-2) and parvalbumin-
expressing inhibitory interneurons for several macaque
brain areas, from multiple immunohistochemistry stud-
ies [26, 31, 42, 65]. The same authors also provide
T1w:T2w intracortical myelination data for the same
regions [16], which we used for our replication anal-
ysis. To compare data across modalities, we manually
mapped their data onto 38 bilateral regions of the
Regional Mapping parcellation [66].

In addition to the aggregated data of Burt and col-
leagues [16], we also used immunohistochemistry data
about the prevalence of parvalbumin-immunoreactive
and calretinin-immunoreactive neurons for a subset of
macaque visual, auditory, and somatosensory cortical re-
gions from [65], which was one of the original stud-
ies combined by [16]. Data were obtained from three
normal adult macaque monkeys (Macaca fuscata), with
approval from the animal research committee of RIKEN
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(Japan) and in accordance with the Guiding Principles
for the Care and Use of Animals in the Field of Physiolog-
ical Sciences of the Japanese Physiological Society [65].
Briefly, a monoclonal antiparvalbumin antibody (Sigma)
and a polyclonal anticalretinin antiserum (SWant) were
used on post-mortem brain sections (30 microns of thick-
ness). The number of parvalbumin-immunoreactive and
calretinin-immunoreactive neurons (all non-pyramidal
except for a few calretinin-immunoreactive pyramidal
neurons in area 28) was counted in 200-micron-wide
strips extending vertically to the cortical surface through
all layers, and for each cortical area this process was re-
peated 16 times at different locations in the three mon-
keys [65]. Here, we ranked areas based on their mean
count of immunoreactive neurons (separately for calre-
tinin and parvalbumin) as displayed in Figure 4 of [65],
and subsequently manually mapped these ranks onto
bilateral regions of the Regional Mapping parcellation
[66].

Brain-related genes

In addition to the lists of receptor-related genes
from [50, 81], we also obtained from [41] a list
of 124 brain-related genes coding for receptor sub-
units, as well as cell-type markers for parvalbumin, so-
matostatin, vasoactive intestinal peptide, calbindin, and
myelin. We further added genes coding for SLC6 trans-
porters, histidine decarboxylase (HDC), and syntaxin
(STX1A), hyperpolarization-activated cyclic nucleotide-
gated channels (HCN), potassium channels (KCN), and
sodium voltage-gated channels (SCN), which are impor-
tant for brain function. Of these, 106 genes were avail-
able and passed our quality control in both macaque and
human, and were included in our analysis.

Alternative macaque gene expression data from RNA-seq

Bo et al. [12] made available bulk RNA-sequencing re-
gional expression patterns of several neurotransmitter-
related genes from the brain of Macaca fascicularis, in-
cluding some overlapping with the list of brain-related
genes used in the present study: DRD2, GABRQ, GRIA4,
GRM4, HTRIB, HTR2C and SLC6A2. Expression pat-
terns are provided for 97 regions of the D99 macaque
atlas, and we manually mapped them onto the Regional
Mapping parcellation [66]. As reported in the original
study [12], 9 adult cynomolgus monkeys (Macaca fas-
cicularis; mean + s.d., 13.6 + 7.8 years, 8 males and
1 female) weighing 4.2-12.0 kg (8.6 + 2.6 kg) were
used for the study. All animal experimental procedures
were approved by the Animal Care and Use Committee
of CAS Center for Excellence in Brain Science and Intel-
ligence Technology, Chinese Academy of Sciences, and
conformed to National Institutes of Health guidelines for
the humane care and use of laboratory animals. We re-
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fer the reader to the original study [12] for details of
regional bulk RNA-sequencing procedures.

Macaque anatomical connectivity

Anatomical connectivity for the macaque brain was ob-
tained from the fully weighted, whole-cortex macaque
connectome recently developed by Shen and colleagues
[108]. This connectome was generated by combining
information from two different axonal tract-tracing stud-
ies from the CoCoMac database (http://cocomac.g-node.
org/main/index.php) [3, 111] with diffusion-based trac-
tography obtained from nine adult macaques (Macaca
mulatta and Macaca fascicularis) [108]. The result-
ing connectome provides a matrix of weighted, directed
anatomical connectivity between each of the cortical
ROIs of the Regional Mapping atlas of Kotter and Wanke
[108].

Macaque-human cortical expansion

To contextualise our regional pattern of inter-species
correlation of gene expression, we used neuromaps
(https://netneurolab.github.io/neuromaps/) [76] to ob-
tain the map of cortical expansion between macaque and
human from [128], parcellated into Schaefer-400 corti-
cal atlas [98].

Statistical analyses

Spatial correspondence across cortical regions was
quantified using Spearman’s rank-based correlation co-
efficient, which is more robust to outliers and non-
normality than Pearson correlation, and is recommended
when studying the correlation between mRNA and pro-
tein levels [73]. To control for the spatial autocorrelation
inherent in neuroimaging data, which can induce an in-
flated rate of false positives [77, 115], we assessed the
statistical significance of correlations non-parametrically,
by comparing each empirical correlation against a dis-
tribution of 10,000 correlations with null maps having
the same spatial autocorrelation. Null maps were gener-
ated using Moran spectral randomisation on the inverse
Euclidean distances between parcel centroids, as imple-
mented in the BrainSpace toolbox (https://brainspace.
readthedocs.io/en/latest/) [119]. Moran spectral ran-
domisation quantifies the spatial autocorrelation in the
data in terms of Moran’s I coefficient [24, 33, 120], by
computing spatial eigenvectors known as Moran eigen-
vector maps. The Moran eigenvectors are then used to
generate null maps data by imposing the spatial struc-
ture of the empirical data on randomised surrogate data
[77, 119]. Comparisons between proportions of signifi-
cantly correlated patterns (between human and macaque
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genes, or macaque genes and receptors) were performed
using the \? test.

Data and code availability

The abagen toolbox for processing of the AHBA
human transcriptomic dataset is available at https:
//abagen.readthedocs.io/. The neuromaps toolbox is
available at https://netneurolab.github.io/neuromaps/.
The BrainSpace toolbox 1is available at https:
//brainspace.readthedocs.io/en/latest/. Macaque
cortical gene expression data from [22] are available
at https://macaque.digital-brain.cn/spatial-omics. The
dataset is provided by Brain Science Data Center, Chi-
nese Academy of Sciences (https://braindatacenter.cn/).
Macaque receptor density data from autoradiography
are available from https://balsa.wustl.edu/study/P2Nql
and https://search.kg.ebrains.eu/instances/

de62abcl-7252-4774-9965-5040f5e8fbéb  [38, 39].
The map of macaque intracortical myelination
from TI1w:T2w ratio from [39] is available at
https://balsa.wustl.edu/study/P2Nq]l. Macaque

parvalbumin and calretinin density from immuno-
histochemistry are available from the Supplementary
Materials of [16].
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