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The molecular and cellular underpinnings 
of human brain lateralization

Hemispheric specialization is a fundamental principle 
of human brain organization (1). Although lateralized 

functions have been observed in non-human animals (2, 
3), the vast majority of humans exhibit left-hemispheric 
dominance for language and motor control (4, 5) and 
right-hemispheric dominance for visuospatial processing 
and spatial attention (6, 7). This complementary pattern 
likely reflects adaptive evolutionary pressures (8, 9), 
partly supported by interhemispheric connections via the 
corpus callosum (10–12). Although cerebral lateralization 
is theorized to be critical for the refinement of language 
and cognition across our evolutionary lineage, the precise 
origins and mechanisms underlying these pronounced 
functional asymmetries continue to be the subject of intense 
debate (13–18). Across development, the maturation of 
lateralized functions enhances visuospatial and language 
abilities while improving cognitive efficiency (19), with 
early anatomical markers of hemispheric specialization 
appearing during gestation (20) followed by a shift from 
intra- to inter-hemispheric connectivity at birth (20). This 
developmental trajectory continues through adolescence, 
as the transition from childhood to adulthood involves a 
reorganization of the attentional network’s connectivity 
(21). As highlighted in a recent review by Ocklenburg 
and colleagues (22), deviations from typical patterns 
of functional lateralization are commonly observed in 
individuals with neurodevelopmental (23, 24), psychiatric 
(25), and neurological disorders, such as autism (26) and 
schizophrenia (27). Recent multimodal neuroimaging 
syntheses further emphasize that hemispheric specialization 
for language is shaped by task demands, methodological 
choices, and interindividual factors such as handedness, 
motivating the need for integrative frameworks that can 

bridge functional, neurochemical, and structural markers 
of lateralization (28). In this regard, the extent to which 
the lateralization of discrete cognitive processes may be 
reflected in the molecular and cellular organization of the 
brain remains an open question with importance for the 
study of human behavior across both health and disease.

Regional variation in neurotransmitter receptor 
densities shape the functional specialization of the 
brain (29), broadly following the topography of large-
scale networks amenable for study through functional 
magnetic resonance imaging (fMRI). This multi-scale 
organizational motif is evident in spatial associations 
between receptor densities and the hierarchical flow of 
sensory information (30) across cortex (31), suggesting 
that cerebral chemoarchitecture may reflect general 
organizational properties of brain structure and function 
(32). However, while converging evidence suggests that 
macro-scale functional systems are spatially coupled 
to specific receptor profiles, little is known about the 
neurotransmitter basis of task-related functional networks 
lateralization, such as those governing language and 
visuospatial attention. Despite the brain’s general bilateral 
symmetry (33), portions of the language network exhibit 
a neurotransmitter profile distinct from other cortical 
territories (34): certain left-hemisphere language regions 
involved in sentence comprehension exhibit elevated 
densities of serotonergic (5-HT1A) and cholinergic (M2) 
receptors, pointing to a potential neurotransmitter-based 
basis. Clinical and non-human animal work indicates that 
the left hemisphere may be shaped, at least in part, by a 
dopamine-driven system, supporting complex motor and 
language processing, while the right hemisphere seems to 
be modulated by a noradrenergic arousal system associated 
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with visuospatial attention (35–37). These findings suggest 
that neurotransmitter distribution may not be symmetrical, 
and that a structured neurochemical axis could underlie the 
functional asymmetry observed in human cognition.

At the structural level, cortical thickness asymmetries 
have been linked to neurotransmitter organization (38), 
while lateralization in the distribution of neurotransmitters, 
such as GABA, has been observed (39). Of note, higher 
synaptic density in specific cortical regions correlates 
with improved cognitive performance (40), suggesting 
that the intricate organization and density of synaptic 
networks underlie not only basic sensory and motor 
functions but also higher-order cognitive processes. The 
functional properties of the human brain are reflected in 
the relative densities of cell types that pattern the cerebral 
cortex. For example, the functional organization of cortex 
as determined with intrinsic (resting-state) fMRI aligns 
with the spatial variability in its cellular composition as 
measured in post-mortem tissue (41–43). Indicating that 
these broad relationships may extend into properties of 
cortical lateralization, region-specific patterns of laminar 
gene expression within the left-hemisphere language 
network further underpin its structural and functional 
specialization (44). Another key factor that likely 
underpins the development of regional specialization is 
mitochondrial function, which is essential for meeting 
the brain’s high energy demands (45). Brain regions that 
serve as connectivity hubs exhibit enhanced mitochondrial 
respiratory capacities (46), supporting efficient cognitive 
processing, while even subtle disruptions in glucose supply 
can impair neural efficiency (47). Recent evidence links 
the intrinsic functional organization of the cortex to the 
spatial alignment of energy consumption, where regions 
with stronger functional connectivity exhibit greater 
metabolic demand (48). This reinforces the role of energy 
management in cognitive function. However, the extent 
to which spatial variability in cellular and mitochondrial 
functions mirrors the core properties of hemispheric 
lateralization remains unclear.

Here, using a diverse set of multimodal in vivo and post-
mortem brain maps (29, 40, 41, 46, 49, 50) we investigate 
the spatial convergences that link functional, cellular, and 
molecular lateralization, and how these patterns might 
constrain the neural architecture underlying cognition. 
First, by combining three complementary language tasks 
(49) (production, reading, and listening), one visuospatial 
attention task (50), assessed through fMRI, and 19 
neurotransmitter asymmetries maps (29), we establish that 
a multimodal monoaminergic-cholinergic axis underlies 
functional hemispheric specialization. Second, we provide 
evidence that mitochondrial phenotypes, alongside a 
specific population of intratelencephalic-projecting 
neurons and macrophages, are spatially coupled to this 
multimodal monoaminergic-cholinergic axis. Finally, we 
reveal that the brain is intrinsically organized around two 
opposing systems at the molecular and cellular levels: a 
left-lateralized system specialized for language processing 
and a right-lateralized system supporting visuospatial 
attention. In doing so, our analyses establish a direct 
link between microstructural brain organization and its 
macroscopic functional architecture, highlighting a tight 
relationship between in vivo measures of hemispheric 

functional specialization and its cellular and molecular 
substrates.

Results
A Multimodal Monoaminergic-Cholinergic 
Axis Underlines Functional Lateralization

To assess functional lateralization, we used three 
complementary language tasks (production, reading, and 
listening), and one visuospatial attention task. For these 
four tasks, we used the average fMRI activation map of 125 
individuals with strong typical left-hemisphere language 
dominance, as defined by Labache and colleagues (4) from 
the BIL&GIN database (51), to reduce inter-individual 
variability. The 19 normative neurotransmitter density 
maps were derived from a databank compiling PET 
acquisitions from over 1,200 healthy individuals across 
nine neurotransmitter systems (29). Both the group-level 
fMRI and PET maps were parcellated into 326 cortical 
regions using a homotopic functional brain atlas optimized 
to study functional brain asymmetries (AICHA atlas (52)). 
Both fMRI and PET asymmetry maps were then computed 
by subtracting the regions in the right hemisphere from 
those in the left (Fig. 1, see Brain Maps – Functional 
Homotopic Atlas in the Methods).

The 19 neurotransmitter maps captured receptors 
and transporters from nine neuromodulatory systems 
(Fig. 1b), each exhibiting characteristic hemispheric 
asymmetries. Glutamatergic markers showed system-
specific patterns, with NMDA receptors exhibiting mixed 
left- and right-lateralized clusters across frontal, temporal, 
and parieto-occipital regions, while mGluR5 was largely 
right-lateralized except in parahippocampal and superior 
temporal areas. GABAergic density was predominantly 
left-lateralized, most notably in anterior cingulate and 
lingual cortices. Opioid and cannabinoid systems showed 
heterogeneous topographies, with distinct left- and right-
lateralized clusters distributed across temporal, frontal, and 
parietal cortices. Cholinergic receptors displayed shared 
patterns of left-lateralization in temporal and midcingulate 
regions and right-lateralization elsewhere, whereas 
VAChT showed a broader leftward shift. Histamine was 
globally right-lateralized, and norepinephrine showed 
left-lateralized frontal-paracentral regions contrasted with 
more right-lateralized posterior cortices. Dopaminergic 
markers exhibited complementary asymmetries across 
lateral versus medial surfaces, while serotonergic receptors 
showed consistent but subtype-specific combinations 
of leftward and rightward asymmetry across temporal, 
frontal, and occipital regions. Together, these normative 
maps provide a compact, multireceptor characterization of 
neurochemical lateralization across the cortex.

To investigate the link between cortical lateralization 
with neurotransmitter density asymmetries, we used 
permutation-based Canonical Correlation Analysis 
(CCA) (53). This method identifies linear combinations of 
variables from two distinct feature sets (in this case, cortical 
lateralization and neurotransmitter density asymmetries) 
that maximize the correlation between them. Using CCA, 
we discovered pairs of canonical variables (modes) that 
reveal the extent to which multivariate neurotransmitter 
profiles and functional lateralization patterns for language 
and visuospatial attention co-vary across corresponding 
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Figure 1 | Asymmetry of normalized 
neurotransmitter densities and task-based fMRI. 
a, Set of four fMRI asymmetry maps defining supramodal 
language areas (49) (production, listening, reading, contrast: 
sentence minus list of words) and visuospatial attention (50) 
(LBJ: Line Bisection Judgment). The maps were collated and 
averaged across 125 healthy participants from the BIL&GIN 
database (51), previously identified as typically brain-organized 
for language (4) (i.e. left hemisphere dominant). Together, these 
four tasks assess the hemispheric complementarity of language 

and attention. b, 19 PET asymmetry maps of neurotransmitter 
receptor and transporter density collated by Hansen and 
colleagues (29). This set covers nine neurotransmitter 
systems and includes data from 1,238 participants. The maps 
encompass 163 cortical regions defined by the homotopic 
AICHA atlas (52). Asymmetries were calculated by subtracting 
left hemisphere values from right hemisphere values and are 
visualized on the left hemisphere. The 3D rendering in the MNI 
space was created using Surf Ice software (https://www.nitrc.
org/projects/surfice/).

homotopic regions within each hemisphere. Before 
conducting CCA, we used Principal Component Analysis 
(PCA; Extended Data Fig. 1) to produce a parsimonious 
and interpretable description of the original datasets (54, 
55). To account for spatial autocorrelation between brain 
maps when testing for statistical significance (56), we 
used “spin tests,” where cortical regions are repeatedly 
rotated on an inflated sphere to create null configurations 
that maintain the cortex’s spatial autocorrelation. These 
null maps were then used to generate a null distribution of 
canonical correlation coefficients (10,000 permutations), 
allowing us to assess the statistical significance of the 
observed CCA modes. Next, we identified the specific 
functional and neurotransmitter features driving each 
CCA mode by computing canonical loadings, correlating 
each input map with its corresponding canonical variate, 
and assessing their reliability through bootstrap-derived 
z-scores and Holm-corrected significance testing.

The CCA revealed a significant set of modes underlying 
the relationship between functional lateralization and 
neurotransmitter density asymmetry. These showed 
a significant relationship between functional cortical 
lateralization and neurotransmitter density asymmetry 
(r=0.39, pspin=0.0058, Fig. 2). The neurotransmitter 
density asymmetry mode, hereafter referred to as the 
neurotransmitter asymmetry axis, explained 21% of the 

variance across the 19 neurotransmitter variables (Fig. 2a). 
The task fMRI asymmetry mode, hereafter referred to as 
the task asymmetry axis, explained 24% of the variance 
of the four functional variables (Fig. 2b). To identify the 
neurotransmitters and tasks that contribute most to each 
mode, we computed loadings by correlating each input 
variable with the corresponding canonical mode (Fig. 
2a-b). The resulting Pearson loadings (Extended Data 
Table 1) indicated that the neurotransmitter asymmetry 
axis was anchored on its positive end by acetylcholine (M1) 
receptors (r=0.80, pFWER=9.10-7), and on its negative end 
by norepinephrine (NET) receptors (r=-0.18,  pFWER=1). 
However, this mode also reflects substantial contributions 
from other systems, including dopaminergic (e.g., D1: 
r=0.71, pFWER=8.10-11, DAT: r=0.61, pFWER=2.10-5, D2: 
r=0.60, pFWER=6.10-3), and histaminergic (H3: r=0.70, 
pFWER=1.10-4), as well as more acetylcholinergic receptors 
(α4β2: r=0.55, pFWER=3.10-2, VAChT: r=0.47, pFWER=1.10-

3), underscoring its multivariate neurochemical nature. 
All the lateralized task variables were negatively and 
significantly correlated with the task fMRI asymmetry 
canonical mode, with the listening task showing the 
strongest negative correlation (r=-0.60, pFWER=6.10-3),  
followed by the reading task (r=-0.52, pFWER=0.028), 
production (r=-0.50, pFWER=0.046), and attention (r=-
0.49, pFWER=0.048). Meaning that during language-related 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

https://www.nitrc.org/projects/surfice/
https://www.nitrc.org/projects/surfice/
https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 4

Figure 2 | Canonical Correlation Analysis (CCA) 
results reveal the neurotransmitter receptor and 
transporter substrates underlying functional 
cortical lateralization. a, Correlation values of the 
neurotransmitter mode with the 19 normalized neurotransmitter 
density asymmetries. This neurotransmitter mode explained 
21% of the variance in the normalized neurotransmitter 
density asymmetry maps. An acetylcholine (muscarinic 
acetylcholine receptor M1, M1 receptor) versus norepinephrine 
(norepinephrine transporter, NET receptor) axis is identified, 
indicating that a positive value of the neurotransmitter mode 
corresponds to a leftward asymmetry in acetylcholine M1 
receptor density and a rightward asymmetry in norepinephrine 
NET receptor density. Asterisks (*) indicated statistical 
significance using bootstrapping (pFWER<0.05). b, Correlation 
values of the task mode with the four functional asymmetry 
maps. This task mode explained 24% of the variance in task 
asymmetry. A positive value of the task mode corresponds 
to a leftward asymmetry during the attention, listening, 
reading, and production tasks. Asterisks indicated statistical 
significance using bootstrapping (pFWER<0.05). c, Scatter plot 

showing the association between neurotransmitter and task 
modes. The neurotransmitter and task modes are significantly 
correlated (r=0.39, pspin=0.0058; significance was assessed 
using a spin test with 10,000 permutations (60). This significant 
covariation indicates that the leftward asymmetry displayed 
in the supramodal language network (49) during language 
tasks is associated with leftward asymmetry in acetylcholine 
receptor density and rightward asymmetry in norepinephrine 
receptor density. An opposite receptor relationship underlies 
the rightward asymmetries observed in the temporo-frontal 
and parieto-frontal visuospatial attentional networks (50).  d, 
Projection of each regional CCA weight on the 163 cortical 
regions defined by the homotopic AICHA atlas (52). In 
the top rows, the positive red regions are associated with 
leftward asymmetry of acetylcholine receptor density, while 
the negative blue regions correspond to rightward asymmetry 
of norepinephrine receptor density. In the bottom rows, the 
positive red regions are associated with rightward lateralization 
during the four tasks, whereas the negative blue regions are 
associated with leftward asymmetries.

tasks, the classically observed leftward-lateralized 
regions co-vary with a right-lateralized density of the 
muscarinic acetylcholine receptor M1 and a left-lateralized 
density of the norepinephrine NET receptor. Conversely, 
we observed the opposite pattern in right-lateralized 
visuospatial attention tasks, where these receptor densities 
were reversed. Given its composition; a linear combination 
of 19 neurotransmitter maps with significant contributions 
from cholinergic and multiple monoaminergic systems, 
we refer to this multivariate pattern as the multimodal 
monoaminergic-cholinergic axis, reflecting the dominant 
influence of M1 acetylcholine receptors together with 
significant dopaminergic and histaminergic components. 
The anchor of this axis aligns with prior work showing 

that acetylcholine interacts with dopamine (top five 
contributors to the neurotransmitter mode, see D1, DAT, 
and D2 in Fig. 2a) to support complex motor programming, 
especially articulatory speech motor control, while 
norepinephrine modulates arousal and attention (35). 
However, neurotransmitter laterality relationships are 
inherently complex and reflect multimodal interactions 
across a diverse set of receptor and transmitter types. 
Clinically, norepinephrine modulating drugs may facilitate 
recovery from aphasia by enhancing synaptic plasticity 
(57). Similarly, acetylcholine-targeting drugs may offer 
comparable therapeutic benefits (57). These observations 
suggest the importance of maintaining a balance between 
acetylcholine and norepinephrine receptor activity. 
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The second set of modes was not significant (r=0.17, 
pspin=0.3274, Extended Data Fig. 2c). A full description 
of the second set of modes can be found in Extended Data 
Fig. 3.

To identify the brain regions contributing most 
significantly to the relationship between neurotransmitter 
asymmetry and task asymmetry, we projected the canonical 
weights from both the neurotransmitter asymmetry axis 
and the task asymmetry axis back onto the brain (Fig. 2d) 
and examined the top 10% of regional weights. For the task 
mode, the regions with negative weights, corresponding 
to leftward asymmetries, overlapped at 41% with the core 
language network (49), 28% with the attention networks 
(50), and 26% with somato/motor areas supporting manual 
preference (50, 58). Notably, these regions included the 
frontal gyrus (pars triangularis) and the superior temporal 
sulcus; both defined as resting-state hubs for the language 
network (49), as well as the postcentral sulcus and parts of 
the Rolandic fissure, which are somato/motor hubs at rest 
(50), and the inferior frontal sulcus, a key region in the 
parieto-frontal attention network (50). Positive weights, 
indicating rightward lateralization, corresponded to 24% 
of regions supporting visuospatial attention processing 
(50), and 29% to the visual network (50, 59). Regarding 
the neurotransmitter asymmetry axis or multimodal 
monoaminergic-cholinergic axis, 12% of the most negative 
weights overlapped with the language network, 18% with 
the attention network, and 29% with the somato/motor 
network, including a hub (postcentral sulcus). This is 
consistent with prior work suggesting that M1 receptors 
are higher in the left inferior frontal gyrus and superior 
temporal gyrus (34), regions overlapping with the language 
(49), and attention networks (50) and showing the highest 
concentration in M1 receptors (31). Conversely, positive 
weights were associated with the visual network (12%), 
and the somato/motor network (6%). These findings 
highlight a clear relationship between asymmetries in 
neurotransmitter densities and the functional specialization 
of brain networks, suggesting that the spatial heterogeneity 
in neurotransmitter distribution may contribute to the 
diversity of functional specializations across the cortical 
sheet (34).

Mitochondrial Phenotypes as Substrates 
for the Lateralization of the Multimodal 
Monoaminergic-Cholinergic Axis

At the molecular level, mitochondria generate 
cellular energy through ATP production and regulate 
key cellular processes, allowing adaptation to metabolic 
demands (61). They are critical in energy-intensive tissues 
such as the brain, where they balance neuronal excitability 
and neurotransmitter release, modulate synaptic plasticity 
(45), and exhibit spatial expression patterns that closely 
align with the evolutionary development of the brain (46). 
Moreover, highly connected regions demand higher energy 
levels (62, 63) and play crucial roles in cognition (64, 
65). The density of synapses, fundamental to information 
processing, have recently been shown to reflect functional 
topography and mirror hierarchical functional network 
organization (40). Furthermore, brain regions with higher 
synaptic density exhibit greater mitochondrial metabolism 
suggesting mitochondria critically support synaptic 

activity and integrity across the human brain (66, 67). 
However, a direct link between these molecular properties 
and the lateralization of fundamental brain functions, such 
as language and attention, has yet to be established.

Here, we investigated how synaptic and mitochondrial 
activities underpin the multimodal monoaminergic-
cholinergic axis, supporting language lateralization and 
visuospatial attention. Until recently, whole-brain maps 
of synaptic density and mitochondrial function were 
not achievable. Advances in PET imaging of synaptic 
vesicle glycoprotein 2A (SV2A) (40), an index of 
synaptic density, along with newly developed quantitative 
mitochondrial mapping methods (46); including tissue 
respiratory capacity (TRC), mitochondrial tissue density 
(MitoD), and mitochondrial respiratory capacity (MRC), 
now allow comprehensive analyses of these critical 
molecular systems. Linear regression was employed, using 
the multimodal monoaminergic-cholinergic axis as the 
dependent variable. Significance was assessed using a spin 
test (56) with 10,000 null rotations to control for spatial 
autocorrelation. P-values were corrected for multiple 
comparisons using the false discovery rate (FDR) method 
(68), accounting for the four regression models applied 
separately for each molecular map (SV2A, TRC, MitoD, 
and MRC) assessing their contribution to variation along 
the multimodal monoaminergic-cholinergic axis. As with 
the neurotransmitter maps, the molecular maps were 
parcellated into 326 cortical regions from the AICHA 
atlas, and asymmetry maps were computed by subtracting 
the right regions from the left ones (Fig. 3a).

Linear regression analyses identified significant 
associations between mitochondrial phenotypes and the 
multimodal monoaminergic-cholinergic axis (Fig. 3b–c). 
Specifically, MRC was correlated (r=0.27, pFDR=0.0009), 
as were MitoD (r=0.34, pFDR<1.10-4) and TRC (r=0.36, 
pFDR<1.10-4). In contrast, the association between the 
multimodal monoaminergic-cholinergic axis and SV2A 
did not reach statistical significance (r=-2.10-3, pFDR=0.41; 
Fig. 3b–c). These findings suggest that a leftward 
asymmetry in mitochondrial phenotypes, but not synaptic 
density, corresponds with a leftward asymmetry in 
acetylcholine and a rightward asymmetry in norepinephrine 
neurotransmission. The strongest rightward asymmetry 
across the three phenotypes was located in the paracentral 
lobule. In contrast, the strongest leftward asymmetries 
differed among phenotypes: the superior temporal pole 
gyrus for TRC, the lingual gyrus for MitoD, and the 
supramarginal gyrus for MRC.

Cellular Correlates of the Multimodal 
Monoaminergic-Cholinergic Axis 
Lateralization

While the previous analyses identified molecular-
scale correlates of laterality, microscale features, such 
as specific cell types, may also constrain functional 
lateralization. Regional cellular profiles spatially covary 
with the macroscale functional organization of the cortical 
sheet, as estimated through fMRI (41). Moreover, language 
lateralization is reflected across the entire macroscale 
functional organization of the cortex (5). However, the 
direct link between these regional cellular fingerprints 
and language lateralization, and more broadly, cognitive 
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functions such as language and attention, remains to be 
established.

We used a bidirectional stepwise linear regression 
based on the Akaike Information Criterion to examine 
the relationship between the asymmetry of these cellular 
fingerprints and the lateralization of language and 
attention. This analysis linked 24 lateralization maps of 
transcriptomically-defined cell-type densities and the 
neurotransmitter mode (multimodal monoaminergic-
cholinergic axis) underlying the functional lateralization of 
language and attention. To control for spatial autocorrelation 
between cell-type maps and the neurotransmitter mode map, 
we utilized a spin test (56), generating null configurations 
by rotating cortical regions on an inflated sphere. These 
configurations (10,000) were used to shuffle the cellular 

fingerprints, allowing us to assess the individual statistical 
significance of each selected cell-type. The p-values were 
corrected for multiple comparisons using the FDR method 
(68).

As described by Zhang and colleagues (41), these 
24 cellular classes exhibit distinct laminar specializations, 
developmental origins, morphologies, spiking patterns, 
and broad projection targets (69). The cell-types 
(Extended Data Table 2) include nine GABAergic 
inhibitory interneurons (PAX6, SNCG, VIP, LAMP5, 
LHX6, Chandelier, PVALB, SST CHODL, SST), nine 
glutamatergic excitatory neurons (L2/3 IT, L4 IT, L5 IT, 
L6 IT, L5 ET, L5/6 NP, L6 CT, L6b, L6 IT Car3), and 
six non-neuronal cells (Astro, Endo, VLMC, Oligo, OPC, 
Micro/PVM).

Figure 3 | Molecular substrates of the 
neurotransmitter receptor and transporter mode 
underlying functional cortical lateralization. a, Set 
of four normalized asymmetry maps of molecular biomarkers. 
SV2A represents the asymmetry of synaptic density (Synaptic 
Vesicle Glycoprotein 2A), as collected by Johansen and 
colleagues from 33 healthy participants (40). TRC (Tissue 
Respiratory Capacity), MitoD (Mitochondria Tissue Density), 
and MRC (Mitochondrial Respiratory Capacity) correspond 
to three maps of mitochondrial activity collected by Mosharov 
and colleagues from a 54-year-old donor (46). Asymmetries 
were calculated by subtracting left hemisphere values from 
right hemisphere values (Right - Left) and are visualized on 

the left hemisphere. The maps encompass 163 cortical regions 
defined by the homotopic AICHA atlas (52). b, Correlation 
between the neurotransmitter mode and the asymmetries of the 
four molecular biomarkers. The neurotransmitter mode shows 
a significant association (after false discovery rate correction 
(68)) with all mitochondrial activity maps: TRC (r=0.36, 
pFDR<1.10-4), MitoD (r=0.34, pFDR<1.10-4), and MRC (r=0.27,  
pFDR=0.0009). The correlation between the neurotransmitter 
mode and synaptic density (SV2A) is not significant (r=0.00, 
pFDR=0.4069). c, Results of the spin tests (60) assessing 
the significance of the Pearson correlations between the 
neurotransmitter mode and the molecular biomarkers. The spin 
tests were performed using 10,000 permutations.
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Following Zhang and colleagues, each cell-type’s 
abundance was estimated in available bulk samples 
and aggregated into the 163 cortical brain regions of 
the AICHA atlas. Asymmetries for each cell-type were 
computed by subtracting the standardized value of the 
right hemisphere from that of the left. Due to the ex vivo 
sampling technique, cell fingerprint asymmetries were 
available for only 123 brain regions. A complete map of 
the 24 standardized cell-types’ asymmetry is presented in 
Extended Data Fig. 4.

The bidirectional stepwise linear regression identified 
five cell-types: L5 IT (β=-0.018, tβ=-3.27), Micro PVM 
(β=-0.014, tβ=-2.36), L6 IT (β=-0.012, tβ=-2.30), L2/3 IT 
(β=-0.014, tβ=-2.17), and L6 IT Car3 (β=-0.008, tβ=-1.39), 
out of the 24 examined (Fig. 4a-b) that significantly explain 
variance in the multimodal monoaminergic-cholinergic 
axis (Fmodel=3.493, pmodel=0.0056, R2= 12.99%). Four of 
these significant cell-types remained associated with the 
multimodal monoaminergic-cholinergic axis balance after 
performing spin tests (Fig. 4c): L5 IT (pFDR=0.0030), 
Micro PVM (pFDR=0.0218), L6 IT (pFDR=0.0218), and 
L2/3 IT (pFDR=0.0218), while L6 IT Car3 is not significant 
(pFDR=0.0864). All cell-types contributed negatively to the 
multimodal monoaminergic-cholinergic axis, indicating 
that a rightward asymmetry for the selected cell-types is 
associated with a leftward asymmetry in acetylcholine and 
rightward asymmetry in norepinephrine neurotransmitters. 
Specifically, L5 IT denotes layer 5 intratelencephalic-
projecting neurons which have shorter basal dendrites (ends 
at layers 2 and 3) and simple apical dendrites compared 
with ITs in the upper layers; Micro/PVM refers to non-
neuronal microglia and perivascular macrophages; L6 IT is 
for layer 6 intratelencephalic-projecting neurons and tends 
to connect with local neurons in layer 6 reciprocally; L2/3 
IT stands for layer 2 and 3 intratelencephalic-projecting 
neurons and its dendrites extend within upper layers, while 
its the axons target layer 5, finally L6 IT Car3 signifies layer 
6 intratelencephalic-projecting (Car3-like), characterized 
by widespread intracortical axonal projections but an 
absence of collateral projections to the striatum. 

Consistent with recent findings, L6 IT neurons 
are associated with somato/motor and ventral attention 
networks, supporting “bottom-up” attention (41). In 
contrast, L5 IT neurons link to transmodal regions (70), 
including dorsal attention and frontoparietal networks, and 
interact with layer 2/3 neurons in “top-down” processes 
(41). Micro/PVM cells are enriched in limbic networks, 
suggesting that these cells could influence the unique 
functional properties of limbic regions, such as their 
role in emotion and memory processing (41). Language 
network lateralization spans multiple macroscale gradients 
and associative networks (5), and the enrichment of these 
cell-types within these gradients further underscores 
their pivotal role in language function and hemispheric 
lateralization. Consistent with this organization, recent 
work shows that a left-lateralized orthographic visual 
stream converges onto a basal inferotemporal language 
region, forming a reading-specific nexus within the broader 
language network (71). Laminar asymmetry analyses (72) 
indicate that corticothalamic layer 6 cells exhibit distinct 
asymmetry patterns, shifting from leftward asymmetry 
in superficial layers to rightward asymmetry in deeper 

layers. Layer 5 also shows laminar-specific asymmetry in 
sensorimotor and temporal output regions, while layer 3 
pyramidal neurons drive leftward asymmetries in areas 
such as the inferior frontal cortex.

L5 IT neurons showed strong rightward asymmetry 
in the cingulate sulcus and the middle frontal gyrus related 
to visuospatial attention processing (50) while showing 
strong leftward asymmetry in areas related to language 
(49) and somato/motor processing (50) (supramarginal 
gyrus and precentral sulcus). L5 IT neurons play a critical 
role in cortical sensory processing and produce internal 
models fed back to L5 ET neurons and are engaged in 
the preparatory stages of tasks, actively participating in 
sensory sampling and decision-making processes (73). 

Micro/PVM exhibited pronounced rightward 
lateralization in the middle and superior temporal gyrus 
and the superior frontal gyrus; areas involved in language 
(49) and visuospatial attention (50). In contrast, Micro/
PVM cells were predominantly leftward lateralized in 
areas associated with manual preference (50, 58), such 
as the Rolandic operculum and the precentral sulcus, 
and visuospatial attention, such as the supramarginal 
and the anterior cingulum gyrus. These specialized 
brain macrophages maintain vascular and neural 
integrity, modulate immune responses, and adapt to local 
environments to support homeostasis and circuit assembly 
(74, 75).

L6 IT neurons were principally rightward lateralized 
in the temporo-frontal network related to attention 
processing (50), while being leftward asymmetrical in 
the somato/motor network (50, 58). L6 IT neurons are 
involved in local circuit modulation, integrating deep-layer 
signals and associative processes and fine-tuning cortical 
processing and feedback circuits (76, 77).

Conversely, L2/3 IT neurons showed strong 
rightward lateralization in the somato/motor network 
(50, 58) while being leftward dominant in the language 
network, notably in the superior temporal sulcus, 
a hub region for the supramodal language network 
(49). Layer 2/3 intratelencephalic-projecting neurons 
facilitate intracortical communication by integrating 
and transmitting information both locally and through 
long-range cortical networks (76), a key feature of the 
widespread language network (78), with feedforward or 
feedback roles depending on their cortical location (79).

We have demonstrated that mitochondrial phenotypes 
and cellular markers (L5 IT, Micro PVM, L6 IT, and L2/3 
IT) significantly underlie the multimodal monoaminergic-
cholinergic axis responsible for lateralizing language and 
visuospatial attention. Next, we examine how these cellular 
and molecular asymmetries present across canonical 
neural networks.

Opposing Lateralization Profiles in 
Language- and Attention-related Networks at 
the Molecular and Cellular Level

Finally, we investigated the specificity of molecular 
and cellular fingerprints among seven canonical large-
scale functional networks (59) as defined by Yan and 
colleagues (81), focusing on three significant molecular 
markers: TRC (tissue respiratory capacity), MitoD 
(mitochondrial tissue density), and MRC (mitochondrial 
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respiratory capacity), and four cellular substrates: L5 IT 
(layer 5 intratelencephalic-projecting neurons), Micro/
PVM (microglia/perivascular macrophage cells), L6 IT 
(layer 6 intratelencephalic-projecting neurons), and L2/3 
IT (layer 2 and 3 intratelencephalic-projecting neurons), 
that underlie functional lateralization (Fig. 5a–b). These 

seven biomarkers revealed the molecular and cellular 
organization of the seven canonical functional networks. 
Each network was characterized by its normalized values 
for the seven biomarkers.

Using the molecular and cellular fingerprints, 
we derived two clusters (Fig. 5c) via agglomerative 

Figure 4 | Cellular substrates of the 
neurotransmitter receptor and transporter mode 
underlying functional cortical lateralization. a, Set 
of five normalized asymmetry maps of cellular biomarkers 
as reported by Zhang and colleagues (41), derived from 
bulk samples of six postmortem brains (80). Asymmetries 
were calculated by subtracting right hemisphere values 
from left hemisphere values (left - right) and are visualized 
on the left hemisphere. The maps encompass 123 cortical 
regions defined by the homotopic AICHA atlas (52). These 
four cell-types were selected from 24 through bidirectional 
stepwise linear regression (based on the Akaike Information 
Criterion). The resulting linear model is significant 
(Fmodel=3.493, pmodel=0.0056) and explains 12.99% of the 
variance of the neurotransmitter mode. The 24 asymmetry 
maps can be visualized in Extended Data Fig. 4. Layer 5 (L5) 
intratelencephalic (IT)-projecting neurons have shorter basal 
dendrites (ends at layers 2 and 3) and simple apical dendrites 
compared with ITs in the upper layers, Micro/PVM refers to 
non-neuronal microglia and perivascular macrophages, L6 
IT tends to connect with local neurons in layer 6 reciprocally, 
L2/3 IT have their dendrites extend within upper layers, while 

their axons target layer 5, finally L6 IT Car3 signifies layer 6 
intratelencephalic-projecting (Car3-like). b, Visualization of 
the bidirectional stepwise linear regression results through the 
correlation between the residuals of the cellular asymmetry 
profiles and the neurotransmitter mode. The residuals were 
obtained by regressing, for each cell-type, the effects of the 
other three cell-types, allowing visualization of the one-to-one 
relationship linking each cellular asymmetry profile to the 
neurotransmitter mode. The neurotransmitter mode shows a 
significant association (after false discovery rate correction 
(68)) with the following cell-types: L5 IT (β=-0.018, tβ=-
3.27, pspin=0.0006, pFDR=0.0030), Micro PVM (β=-0.014, 
tβ=-2.36, pspin=0.0101, pFDR=0.2175), L6 IT (β=-0.012, 
tβ=-2.30, pspin=0.0133, pFDR=0.2175), and L2/3 IT (β=-0.014, 
tβ=-2.17, pspin=0.0174, pFDR=0.2175). The correlation between 
the neurotransmitter mode and L6 IT Car3 (β=-0.008, 
tβ=-1.39, pspin=0.0864, pFDR=0.0864). c, Results of the spin 
tests (60) assessing the significance of the beta coefficients 
(β) associating the neurotransmitter mode and the cellular 
biomarkers. The spin tests were performed using 10,000 
permutations.
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Figure 5 | Organization of molecular and cellular 
profiles of the seven canonical intrinsic networks. 
a, Average significant normalized molecular (Mitochondrial 
Respiratory Capacity; MRC, Tissue Respiratory Capacity; 
TRC, Mitochondria Tissue Density; MitoD) and significant 
cellular (Layer 2 and 3 intratelencephalic-projecting neurons; 
L2/3 IT, layer 5 intratelencephalic-projecting neurons; L5 
IT, Microglia/PeriVascular Macrophage cells; Micro/PVM,  
Layer 6 intratelencephalic-projecting neurons; L6 IT) profiles 
of the seven canonical intrinsic networks (59) as defined by 
Yan and colleagues (81). b, Brain organization according to 
the seven canonical intrinsic networks overlaid on the 246 
parcels of the AICHA atlas (52). c, Hierarchical clustering 

identifies two clusters among the seven canonical intrinsic 
networks. The first cluster, shown in blue, is associated with 
attentional processes, as its regions overlap the task fMRI-
defined lateralized visuospatial attention atlas (50) (SDI=0.33, 
Sørensen-Dice index). The second cluster, shown in pink, is 
associated with language processes, as its regions overlap the 
task fMRI-defined lateralized supramodal language atlas (49) 
(SDI=0.25). d, Molecular and cellular profiles of the clusters. 
The attentional cluster exhibits rightward lateralization for L2/3 
IT, MRC, TRC, MitoD, L5 IT and leftward lateralization for 
Micro PVM and L6 IT. Conversely, the language cluster shows 
leftward lateralization for MRC, TRC, MitoD, L5 IT, Micro 
PVM and L6 IT and rightward lateralization for L2/3 IT.

hierarchical clustering (82), employing Euclidean distance 
as the metric and Ward’s criterion (83) as the linkage 
method. The optimal number of clusters was determined 
based on three criteria (84): the KL index, the Ball index, 
and the McClain and Rao index.

The first cluster grouped the frontoparietal, dorsal 
atteThe first cluster grouped the frontoparietal, dorsal 
attention, and somato/motor networks. Following recent 
recommendations on network correspondence (85), we 
computed similarities between the clusters’ topography and 
a set of task-defined networks (49, 50) using the Sørensen-
Dice index(86, 87) (SDI). We then labeled this cluster as 
attention-related because these networks corresponded to 
the task-defined lateralized visuospatial attention network 
(50) (SDI=0.33, Extended Data Fig. 5b), which was higher 
than their correspondence with the lateralized supramodal 
language network (49) (SDI=0.16, Extended Data Fig. 

5a). Similarly, the second cluster was designated language-
related as it showed a stronger correspondence with the 
task-defined language network (SDI=0.25) compared to 
the attention network (SDI=0.22).

We then examined the overall lateralization of 
biomarkers in the attention- and language-related clusters 
(Fig. 5d). Barnard’s unconditional test (88) revealed a 
significant difference in the distribution of leftward and 
rightward asymmetry indices between the two clusters 
(p=0.0047). The attention-related cluster exhibited a 
higher proportion of negative asymmetry indices (67%), 
indicating rightward asymmetry, whereas the language-
related cluster showed a higher proportion of positive 
index (71%), indicating leftward asymmetry. An odds 
ratio of 5 indicated that networks related to attention were 
five times more likely to exhibit negative (rightward) 
asymmetry than those related to language. This significant 
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association demonstrates that the two clusters have distinct 
asymmetrical patterns at the molecular and cellular levels. 
This result aligns with the literature demonstrating left-
hemisphere anatomical and functional dominance for 
language and right-hemisphere dominance for visuospatial 
attention from birth (15). While the intrinsic functional 
networks were not the focus of our primary analyses, 
we used them as a canonical organizational scaffold to 
contextualize the spatial distribution of the molecular 
and cellular asymmetries identified. This provided an 
interpretable framework to summarize the embedding of 
lateralized biological features within established large-
scale systems, without implying that resting-state networks 
directly drive, or are driven by, these asymmetries. 
Although speculative, these mitochondrial phenotypes and 
cellular correlates may serve as potential markers reflecting 
the functional lateralization of language and visuospatial 
attention. The distinct molecular and cellular asymmetries 
observed, with leftward bias in language-related networks 
and rightward bias in attention-related networks, reinforce 
the complementary nature of hemispheric specialization 
rooted in biological organization (36).

Discussion
Through the integration of data across biophysical 

scales, including neurotransmitters, cell-types, 
mitochondrial phenotype, and functional neuroimaging 
data, we demonstrate that hemispheric specialization is a 
key principle of brain organization from the microstructural 
to the macroscale level, with two opposing lateralized 
systems supporting language and attentional processes. 
Our data revealed that functional lateralization is reflected 
in a neurochemical axis anchored by acetylcholine and 
norepinephrine (Fig. 2). While centered on cholinergic 
and noradrenergic asymmetries, this axis reveals a 
complex neurochemical architecture, with dopaminergic 
and serotonergic systems contributing meaningfully to 
its multivariate profile. A rightward lateralization of the 
muscarinic acetylcholine receptor (M1) associated to 
a leftward dominance of the norepinephrine receptor 
(NET) is linked to the dominance of the left hemisphere 
during language processing, while an opposite pattern 
was observed related to visuospatial attention processing. 
Of note, the multimodal monoaminergic-cholinergic was 
spatially coupled to the lateralization of both mitochondrial 
phenotypes (Fig. 3) and cellular subtypes (Fig. 4). 
Critically, the mitochondrial phenotypes and cellular 
subtypes formed a fingerprint discriminating between a 
left-lateralized system related to language processing and 
its right-lateralized counterpart supporting visuospatial 
attention processing (Fig. 5). Together, this work advances 
our understanding of the close relationship between the 
localized hemispheric specialization of specific behaviors 
and their underlying cellular and molecular substrates.

Our findings suggest a key role for neurotransmitter 
asymmetries, particularly along the multimodal 
monoaminergic-cholinergic axis, in shaping functional 
hemispheric specialization. Norepinephrine, 
predominantly produced by the locus coeruleus, has been 
extensively implicated in attentional control, working 
memory, and behavioral flexibility (89). It facilitates 
top-down regulation by the dorsolateral prefrontal cortex, 

supporting cognitive processes such as attentional shifting 
and executive control (90). Moreover, noradrenergic 
activation promotes neural resetting, dynamically 
reallocating neural resources and enabling perceptual 
reorientation (91–93), and it contributes to learning by 
adjusting neural dynamics across multiple timescales and 
organizational levels (94). Recent work in animal models 
further suggests that the locus coeruleus activity modulates 
cortical network topology, influencing the prioritization of 
associative versus sensory information processing (95). 
Such findings complement neuropsychological evidence 
that the right hemisphere plays a dominant role in spatial 
attentional reorienting and awareness (96), consistent with 
the right-lateralized noradrenergic system identified here. 
Similarly, acetylcholine is essential for prefrontal cortex 
function, with its depletion leading to severe cognitive 
impairments comparable to the loss of the cortex itself 
(97). Acetylcholine fine-tunes attentional selection and 
behavioral flexibility, reinforcing its complementary 
role alongside norepinephrine in guiding cognitive 
processing (98). Notably, receptor distribution analyses 
have revealed asymmetries in neurotransmitter densities 
across hemispheres, particularly in the inferior parietal 
lobule and language-related areas, further supporting the 
neurochemical underpinnings of functional specialization 
(34). These neurotransmitter-driven functional asymmetries 
may be intrinsically linked to developmental mechanisms 
underlying hemispheric differentiation. In support of this, 
a growing genetic literature shows that human hemispheric 
asymmetries relevant to language arise from early, 
genetically regulated left-right developmental programs, 
including microtubule-mediated mechanisms(99, 100). 
Loci associated with structural asymmetries in classical 
language regions, such as the planum temporale and 
inferior frontal cortex, suggest that individual variation 
in the neuromodulatory and mitochondrial asymmetries 
may partly reflect these human-specific genetic pathways 
(100). Acetylcholine’s role in neurite elongation (101) 
aligns with evidence of microtubule-mediated brain 
asymmetry, as suggested by genetic findings implicating 
the TUBB4B tubulin gene in handedness (102). Given the 
association between microtubule dynamics and atypical 
lateralization (103), one could predict that individuals 
with atypical hemispheric organization for language (4, 5, 
104), might exhibit an inverted or more balanced pattern 
of neurotransmitter lateralization. Intriguingly, such 
neurochemical patterns are reminiscent of those observed 
in neuropsychiatric and neurodevelopmental disorders 
(105), illnesses marked by atypical lateralization patterns 
such as reduced cortical thickness and altered language 
network organisation (106) associated to polygenic risks in 
schizophrenia (107), or functional rightward lateralization 
of the language network in major depressive disorder (108, 
109). This raises the question of why some individuals 
with atypical lateralization remain asymptomatic while 
others develop psychiatric symptoms, positioning right-
lateralized language individuals as a valuable model 
for understanding the neurobiological foundations of 
psychiatric vulnerability. At a broader systems level, these 
asymmetries may contribute to shaping dynamic brain 
network organization, consistent with recent evidence 
that large-scale network dynamics reflect psychiatric 
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illness status and transdiagnostic symptom profiles across 
health and disease (110). Finally, our results suggest that 
the somato/motor network plays a role in modulating the 
balance of the multimodal monoaminergic-cholinergic 
axis, consistent with the motor theory of the origin of 
language proposing that lateralized manual behaviors (e.g., 
handedness) shaped the neural architecture underlying 
language evolution (111).

Although the canonical neurotransmitter axis we 
identified is primarily shaped by the opposing asymmetries 
of M1 and NET receptors, dopaminergic markers (D1, DAT, 
and D2) also exhibited moderate positive loadings. This 
finding may appear counterintuitive given the opposing 
intracellular signaling cascades of D1 (Gs-coupled) and D2 
(Gi-coupled) receptors (29). Their co-loading on the same 
canonical axis likely reflects shared spatial asymmetries 
rather than redundant functional roles. Indeed, the 
dopaminergic system has been implicated in lateralized 
cognitive functions such as language, attention, and 
motor control (112–114). A similar interpretive nuance 
applies to the identified asymmetry in NET, which is a 
presynaptic norepinephrine reuptake transporter rather 
than a postsynaptic receptor. While NET is involved 
in signal attenuation via synaptic clearance (115), its 
spatial distribution still reflects regional variation in 
noradrenergic tone and locus coeruleus projections. As 
such, NET PET imaging remains a valuable topographic 
marker of the noradrenergic system (29). Our analytical 
focus is on relative asymmetries in neuromodulatory 
marker distribution, not direct synaptic signaling, making 
NET a valid contributor to the observed axis. Nonetheless, 
future studies incorporating whole-brain PET maps of 
postsynaptic adrenergic receptors, such as α- and β-receptor 
subtypes (116), will be essential to more directly assess the 
specificity of the multimodal monoaminergic-cholinergic 
contrast and its role in shaping hemispheric specialization.

Variations in mitochondrial bioenergetics influence 
cognitive performance and may contribute to cognitive 
impairments in mitochondrial diseases, underscoring their 
role in both energy production and molecular signaling 
essential for healthy brain functions (45). Mitochondrial 
respiratory capacity aligns with evolutionary patterns, 
supporting the elevated energy demands of human-specific 
cognitive functions (117, 118). Notably, brain regions 
involved in executive functions exhibit high expression of 
neuromodulatory receptors and a strong dependence on 
glucose metabolism (118), with mitochondrial respiratory 
capacity emerging as a key mitochondrial phenotype 
linking the multimodal monoaminergic-cholinergic 
axis to functional hemispheric specialization. Beyond 
energy production, mitochondrial metabolism regulates 
neurodevelopment by influencing cortical expansion (119). 
Hemispheric specialization may optimize brain energy use 
(120), possibly emerging from functional hemispheric 
spatial competition (48), where visuospatial functions 
are lateralized to the right hemisphere as a consequence 
to the left lateralization of language processing (1). 
While fMRI studies support both independent and causal 
complementarity mechanisms (1), the lack of a handedness 
effect on spatial lateralization challenges a strictly causal 
model (121).

Glutamatergic excitatory neurons, especially those 

with intratelencephalic projections, exhibit substantial 
diversity in morphology, electrophysiology, and gene 
expression, contributing to cortical specialization (122). 
This diversity is pronounced in the supragranular layers 
of the human cortex, where transcriptomic subtypes 
show depth-dependent variation in dendritic architecture, 
firing properties, and connectivity patterns (122). These 
structural and functional gradients likely support areal 
and laminar specialization, providing a substrate for 
hemispheric differences in cognitive functions. Excitatory 
neurons establish functionally specific circuits through 
stereotyped connections with interneurons, thereby 
supporting regional specialization and functional 
differentiation (123). Language regions exhibit leftward 
asymmetries in superficial cortical layers (2 and 3), while 
visuospatial attention areas show rightward asymmetries 
in deeper layers (5 and 6), correlating with behavioral 
differences (72). Our findings align with this literature, 
highlighting asymmetries of intratelencephalic projecting 
neurons across layers 2, 3, 5, and 6, linked to the 
multimodal monoaminergic-cholinergic axis underlying 
functional lateralization. Additionally, distinct laminar 
gene expression profiles within the left hemisphere’s 
language network suggest molecular adaptations for 
specialized cognitive processing and highlight implications 
for conditions such as dyslexia and schizophrenia (44).

From an evolutionary perspective, functional 
asymmetries reflect a fundamental principle of human 
brain organization (8) and a conserved feature across 
metazoan nervous systems (9). In primates, cortical 
expansion has predominantly occurred within association 
territories rather than primary sensory areas, supporting 
cognitive functions that operate independently of direct 
sensory input (124, 125). The aggregation of functions 
into hemispheric asymmetries enhances neural efficiency, 
facilitating specialized and parallel neurocognitive 
processing (126–128). Structural adaptations in grey 
and white matter, particularly in the prefrontal cortex, 
have likely played a central role in human cognitive 
evolution, supporting complex functions such as language 
(129, 130). Beyond genetic influences, hemispheric 
asymmetries emerge from dynamic interactions between 
developmental, environmental, and pathological factors, 
giving rise to both typical and atypical phenotypes (36, 
131). Population-level language lateralization is rooted in 
polygenic influences (132, 133), while interhemispheric 
connectivity, mediated by the corpus callosum, plays 
a critical role in functional specialization (4). This 
connectivity profoundly shapes cognitive domains such 
as language and executive function (10). At the network 
level, cognitive functions are supported by intracortical 
connectivity that follows a hierarchical organization, for 
instance as described by Fuster’s perception-action cycle 
model (134, 135). These principles underlie large-scale 
cognitive networks (33), including those implicated in 
language (49, 136) and attention (50).

Several potential limitations should be considered 
when interpreting the present findings. First, while our 
study elucidates potential cellular and molecular substrates 
underlying hemispheric specialization, the causal pathways 
linking lateralized cognitive functions to these biological 
mechanisms remain to be established. Additionally, the 
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cross-sectional nature of the data precludes inferences about 
the developmental trajectory through which hemispheric 
specialization, cellular and molecular substrates, and global 
brain architecture interact over time. Thus, the dynamic 
interplay between lateralized functions and brain-wide 
organization remains an open question. Methodologically, 
we accounted for potential variance introduced by left-
handed and atypically lateralized individuals in our task-
based activation analyses; however, the presence of such 
individuals in our cellular, molecular, and neurotransmitter 
datasets could not be determined and may contribute to 
variability. Nevertheless, receptor fingerprints remain 
relatively stable across individuals, suggesting that group-
level analyses may still provide meaningful insights (31). 
However, future studies should prioritize individual-level 
approaches, particularly in the context of personalized 
medicine (137, 138). At the opposite extreme, our 
mitochondrial phenotype data lack variability, being 
derived from a single neurotypical brain sample (46), 
underscoring the need for larger, more diverse datasets. 
Furthermore, although the use of PCA followed by CCA 
was methodologically motivated to reduce collinearity 
and enhance interpretability, we recognize that this 
dimensionality reduction constrains the analysis to operate 
along the dominant axes of variation in the data. While 
this approach is appropriate given the high autocorrelation 
between language modalities and across neurotransmitter 
maps, it reinforces the exploratory nature of our findings. 
Nevertheless, the observed associations provide specific 
and testable hypotheses for future confirmatory studies in 
independent and individual-level datasets. Furthermore, 
our analyses focus on individuals with presumed typical 
hemispheric specialization, who represent approximately 
92% of the population (5). However, we acknowledge 
the existence of individuals with atypical language 
lateralization (104), whose brain organization does not 
simply mirror that of typically lateralized individuals 
(4). Investigating this specific subgroup, including cases 
of co-dominant language function (139), is essential for 
a more comprehensive understanding of how cellular 
and molecular mechanisms contribute to hemispheric 
specialization. This issue resonates with a broader call 
in psychiatry to embrace variability as an essential 
feature rather than a confound (140). Finally, our study 
is constrained by the spatial limitations of our datasets: 
imputed cell-type abundances from bulk-tissue microarray 
data provide limited spatial resolution, potentially 
underestimating true cell type-function relationships (41). 
The same limitation applies to neurotransmitter PET data, 
which would benefit from higher-resolution imaging in 
future research (29). Lastly, our analyses were restricted 
to the cortex, omitting potential subcortical contributions 
to hemispheric specialization. Nevertheless, these results 
provide a foundation for future brain-constrained models 
that integrate hemispheric specialization as a fundamental 
property of brain organization (138).

The present findings demonstrate that the hemispheric 
complementarity of language and visuospatial attention is 
mediated by the interhemispheric balance of an multimodal 
monoaminergic-cholinergic axis. Moreover, this axis is 
coupled with asymmetries of mitochondrial phenotypes 
and cell-type densities. Notably, the molecular and 

cellular densities collectively form a distinct fingerprint, 
differentiating a left-lateralized system associated 
with language processing from its right-lateralized 
counterpart supporting visuospatial attention. Together, 
these discoveries establish a direct connection between 
functional cortical specialization and its underlying 
neurotransmitter, molecular, and cellular architecture, 
offering critical insights into the mechanisms of cerebral 
dominance and their implications for cognition in health 
and disease.

Methods
Brain Maps
Functional Homotopic Atlas. To characterize the 
multimodal relationships among functional data, 
neurotransmitter density maps, and molecular and cellular 
biomarkers of the cortical sheet, we conducted regional 
analyses using the Atlas of Intrinsic Connectivity of 
Homotopic Areas (AICHA (52)). AICHA is a homotopic 
atlas (33, 141) optimized for analyzing functional data and 
specifically designed to assess hemispheric lateralization. 
It comprises 163 cortical homotopic brain regions in each 
hemisphere.

The hemispheric differences, i.e. asymmetry 
maps, for each modality were defined as left - right: we 
subtracted the regional values of the right hemisphere 
from those of the left hemisphere, and thus, a positive 
value means a leftward asymmetry (left > right), resulting 
in lateralization maps across 163 regions. As highlighted 
by the Laterality Indices Consensus Initiative (142), no 
universal consensus exists on the optimal laterality index 
formula; authors are therefore encouraged to clearly define 
their metric, which we do here. The left - right difference 
has been recommended for its robustness to noise (142) 
and preprocessing effects (143, 144) and for preserving 
full information without thresholding (142). In contrast, 
normalized indices have the potential to amplify differences 
or introduce denominator discontinuities (145) and yield 
results highly similar to the non-normalized approach (2). 
Moreover, direct left - right statistical comparison methods 
have demonstrated superior correspondence with the gold-
standard Wada test for determining hemispheric language 
dominance (146). Additionally, the left - right method 
avoids misclassifying bilateral patterns (147), while 
ensuring methodological consistency with a growing 
body of recent work employing similar definitions of 
hemispheric asymmetry (4, 5, 49, 50, 58, 128, 136, 148, 
149).

fMRI Activation Maps. Functional brain lateralization 
was assessed using four previously published maps 
encompassing the two major and most widely described 
lateralized cognitive functions: language and visuospatial 
attention. These maps represent average cortical activation 
in 125 strongly typical participants for language (38% 
female, μAge=25.73 years, 46% left-handers), covering 
activation in 326 cortical brain regions from the AICHA 
atlas. Seven region pairs in the orbital and inferior 
temporal regions were excluded due to signal reduction 
from susceptibility artifacts. Then, we computed 
asymmetry maps, resulting in 163 asymmetric regional 
scores (Fig. 1a). Functional maps are provided in MNI 
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stereotaxic space (MNI ICBM 152, template sampling 
size of 2x2x2 mm3 voxels; bounding box, x=-90 to 90 
mm, y=-126 to 91 mm, z=-72 to 109 mm). We focused 
on strongly typical individuals, who reliably (4, 5) exhibit 
the canonical pattern of hemispheric specialization: with 
dominant left-hemisphere engagement for language (49) 
and right-hemisphere dominance for visuospatial attention 
(50). This group shows minimal variability in hemispheric 
complementarity, thereby providing a stable model for 
investigating the molecular and cellular correlates of 
functional lateralization. The four maps included three 
language-related contrasts (sentence production minus 
an overlearned word list, listening, and reading) and 
a visuospatial attention contrast using a line bisection 
judgment task.

The protocols, structural and functional image 
acquisition parameters, and image analysis procedures 
for each task have been previously detailed (49, 50). All 
four tasks are part of the BIL&GIN database (51). Images 
were acquired using a 3T Philips Intera Achieva scanner 
(Philips, Eindhoven, The Netherlands). Task-related 
functional volumes were obtained using a T2*-weighted 
echo-planar imaging sequence (T2*-EPI; TR=2 s; TE=35 
ms; flip angle=80°; 31 axial slices; field of view=240 × 
240 mm2; voxel size=3.75×3.75×3.75 mm3 isotropic; 240 
volumes). The first four volumes of each sequence were 
discarded to allow for MR signal stabilization. Functional 
data were processed using global linear modeling with 
Statistical Parametric Mapping software (SPM12, www.
fil.ion.ucl.ac.uk/spm/).

The three language-related maps consisted of three 
runs comparing sentence tasks (involving phonological, 
semantic, prosodic, and syntactic processing) with a word-
list reference task, which is less complex but still high-
level verbal processing. Each run included 13 blocks of 
the sentence task and 13 blocks of the word-list task. The 
reading and listening runs were 6 minutes and 28 seconds 
long, while the production task was 6 minutes and 24 
seconds. The attention task comprised 36 trials alternating 
the presentation of a horizontal line bisected by a short 
vertical line biased toward the left, right, or centered, 
followed by a fixation cross; this run lasted 8 minutes.

Neurotransmitter Systems Maps. Receptor density data 
were obtained from a report (29) having collected data 
from multiple PET studies involving 1,238 healthy adults 
(42% female, μweigted Age=36.56 years). This report provides 
the density of 19 neurotransmitter receptors and trans-
porters, which were parcellated into 326 cortical regions 
of AICHA, the same atlas used to parcel functional MRI 
data. These regional values were standardized within each 
map before computing asymmetries (Fig. 1b). Before 
regional analysis, neurotransmitter maps were linearly 
registered to the MNI stereotaxic space (MNI ICBM 152) 
using the R library RNiftyReg (150) (R package version: 
2.8.1). Following Hansen and colleagues’ procedure (29), 
we combined using weighted average neurotransmitter 
maps with more than one mean image of the same tracer: 
5-HT1B, D2, mGluR5 and VAChT. Altogether, the images 
are an estimate proportional to receptor densities, and we, 
therefore, refer to the measured value (that is, binding 
potential and tracer distribution volume) simply as density.

Synaptic Density Map. Receptor density data were 
obtained from Johansen and colleagues (40), which 
collected data using [11C]UCB-J PET imaging that binds to 
Synaptic Vesicle Glycoprotein 2A (SV2A), a presynaptic 
protein considered a reliable proxy for synaptic density. The 
study involved 33 healthy participants (17 females;  μmedian 

Age=24 years), and regional binding values were calibrated 
to absolute SV2A densities (pmol/mL) using postmortem 
human autoradiography data. PET scans were processed 
with a standardized surface- and volume-based pipeline, 
aligning images to MNI ICBM 152 volume space. We 
then parcellated the SV2A map into 326 cortical regions of 
AICHA, the same atlas used to parcel functional MRI and 
neurotransmitter density data. These regional values were 
standardized before computing asymmetries (Fig. 3a).

Mitochondrial Phenotypes Maps. Mitochondrial 
phenotype data were obtained from Mosharov and 
colleagues (46). The frozen right hemisphere of a 54-year-
old neurotypical healthy male was physically voxelized 
into 703 cubes, each measuring 3×3×3 mm, yielding 
a resolution comparable to standard neuroimaging. 
Markers of mitochondrial content (CS1/3 and mtDNA1/3) 
were combined into a single metric, termed MitoD, to 
represent the mitochondrial tissue density within each 
voxel. Enzymatic activities of oxidative phosphorylation 
(OxPhos) were measured via colorimetric and respirometry 
assays and averaged to generate a tissue respiratory capacity 
map (TRC), reflecting the overall OxPhos capacity per 
milligram of tissue. Finally, TRC was expressed relative to 
MitoD (MRC=TRC/MitoD) to produce the mitochondrial 
respiratory capacity map, indicating tissue-specific 
mitochondrial specialization for oxidative metabolism on 
a voxel-by-voxel basis.

These three maps were then linearly registered to 
the MNI stereotaxic space (MNI ICBM 152) using the 
R library RNiftyReg (150) (R package version: 2.8.1). 
We parcellated the three maps into 326 cortical regions 
of AICHA, the same atlas used to parcel functional MRI, 
neurotransmitter density and synaptic density data. These 
regional values were standardized before computing 
asymmetries (Fig. 3a).

Cell-Type Abundance Maps. Cell-type maps were 
obtained from Zhang and colleagues (41). Cell-type 
maps were derived using the Allen Human Brain Atlas 
transcriptional data and single-nucleus RNA-sequencing 
data from eight cortical regions. Postmortem bulk-tissue 
gene expression data from the Allen Human Brain 
Atlas were deconvolved using a validated method to 
estimate cell-type abundances. This approach leveraged 
transcriptional signatures from single-nucleus RNA-
sequencing datasets to identify 24 distinct cellular classes 
(151). These included nine GABAergic interneurons, nine 
glutamatergic excitatory neurons, and six non-neuronal 
cell-types. The cell-type abundances for each Allen 
Human Brain Atlas cortical sample were mapped to the 
cortical voxel represented in MNI ICBM 152 volume 
space and then parceled into the AICHA atlas. Samples 
were first averaged within parcels at the individual donor 
level and then averaged across donors. These regional 
values were standardized before computing asymmetries. 
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A visualization of the 24 cell-type asymmetry maps is 
available in Extended Data Fig. 4. Due to the sampling 
procedure, the cell-type asymmetry maps only included 
123 pairs of homotopic cortical regions.

Statistical Analyses
Statistical analyses were performed using R (152) (R 
version: 4.3.3). The neuroimaging data were handled and 
processed using R libraries neurobase (153) (R package 
version: 1.32.4), RNifti (154) (R package version: 1.7.0), 
and  RNiftyReg (150) (R package version: 2.8.1). Data 
wrangling was performed using the R library dplyr (155) (R 
package version: 1.1.4). Brain visualizations were realized 
using Surf Ice (156, 157) (version: 6 october 2021), and 
were made reproducible following guidelines to generate 
programmatic neuroimaging visualizations (158).
Canonical Correlation Analysis to Assess the 
Functional Cortical Lateralization – Neurotransmitters 
Density Asymmetries Associations. In order to clarify 
the potential links between cortical lateralization and 
asymmetries in neurotransmitter density, we quantified the 
linear associations using Canonical Correlation Analysis 
(CCA) approach (53) (R library acca (159), version: 
0.2). As a multivariate technique, CCA identifies optimal 
linear combinations from two distinct sets of variables 
to maximize their mutual correlation, thereby revealing 
modes of joint variation that highlight the interplay 
between hemispheric dominance and the lateralization 
of its neurotransmitter correlates. The analysis yielded a 
series of m orthogonal canonical modes, with each mode 
capturing a distinct portion of the shared variance between 
functional lateralization and neurotransmitter density that 
is not explained by the remaining modes. 

Prior to the CCA, we performed a dimensionality 
reduction on our high-dimensional brain dataset, i.e. 
comprising functional tasks and neurotransmitter density 
maps asymmetries, via principal component analysis (53) 
(PCA). We retained components selected based on the 
elbow criterion, which reflects the variance explained by 
successive components, using the PCAtools R package 
(160) (version 2.5.15). The resulting principal components 
served respectively as cortical lateralization set and 
neurotransmitter asymmetries set for the subsequent CCA.

To assess mode significance, we used a spin test. 
In this procedure, the cortical regions as defined in the 
AICHA atlas were rotated along an inflated surface to 
generate 10,000 null atlas configurations that preserve 
the cortex’s intrinsic spatial autocorrelation (56). These 
null configurations were then used to shuffle the rows of 
our feature data frame, i.e. the asymmetry maps of the 
four tasks, thereby creating a null distribution of mode 
correlation values. The statistical significance (denoted 
as pspin) was determined as the proportion of null values 
exceeding the observed correlation. Null maps were 
generated using the netneurotools Python toolbox 
(release 0.2.5, Python 3.12.5; github.com/netneurolab/
netneurotools). To further identify which functional and 
neurotransmitter maps contributed most to the task-fMRI 
and PET asymmetry modes, we quantified canonical 
loadings as product-moment correlations between each 
input map and its corresponding canonical variate. Their 
significance was evaluated via bootstrapping (10,000 

resamples), using the ratio of the observed correlation to 
its bootstrap-derived standard error to compute z-scores 
and corresponding two-tailed p-values (161). Loadings 
were considered reliable after Holm family-wise error 
correction across input features (pFWER<0.05).

Identification of Molecular Biomarkers Spatially 
Correlated to the Multimodal Monoaminergic-
Cholinergic Axis. To identify potential relationships 
between the neurotransmitter multimodal monoaminergic-
cholinergic axis and molecular biomarkers (three 
mitochondrial phenotypes maps (46): tissue respiratory 
capacity, mitochondrial tissue density, and mitochondrial 
respiratory capacity, and a synaptic activity map: synaptic 
vesicle glycoprotein 2A (40)) we used linear regression. 
The multimodal monoaminergic-cholinergic axis is 
the dependent variable. To assess significance of each 
relationship, we used a spin test (10,000 permutations). 
P-values were corrected for multiple comparisons using 
the false discovery rate (FDR) method (68) (denoted as 
pFDR), accounting for the four regression models applied 
separately for each molecular map modeling the association 
with the multimodal monoaminergic-cholinergic axis.

Multimodal Cellular Underpinning of the Multimodal 
Monoaminergic-Cholinergic Axis. Due to the 
multidimensional nature of the relationship between 
large-scale functional organization and cellular subtype 
expression (41), we performed stepwise multiple linear 
regression to assess the association between the multimodal 
monoaminergic-cholinergic axis and the asymmetry in 
the density of 24 cellular subtypes (41) (Extended Data 
Fig. 4). Stepwise regression was used to select the cellular 
subtypes that minimized the Akaike Information Criterion, 
yielding the most parsimonious model while maximizing 
the model likelihood associated with the multimodal 
monoaminergic-cholinergic axis. To assess significance of 
each selected cellular subtype, we used a spin test (10,000 
permutations). P-values were corrected for multiple 
comparisons using FDR.

Mitochondrial and Cellular Fingerprints of Large-
Scale Networks. We characterized each large-scale 
intrinsic network, as defined by Yan and colleagues (81), 
according to its molecular asymmetry values (TRC, MitoD, 
and MRC) and cellular asymmetry values (L5 IT, Micro/
PVM, L6 IT, and L2/3 IT) that are significantly associated 
with the neurotransmitter asymmetry axis underlying 
functional lateralization. This approach yielded a unique 
fingerprint for each cerebral network (34). Each network 
was characterized by its normalized values for the seven 
biomarkers.

Based on these fingerprints, we tested the following 
hypothesis: do large-scale intrinsic cerebral networks 
follow a general principle of lateralization? Following 
the method defined by Zilles and colleagues (34), we 
investigated the presence of clusters among the seven 
networks using agglomerative hierarchical clustering (82), 
employing Euclidean distance as the metric and Ward’s 
criterion (83) as the linkage method. The optimal number 
of clusters was determined based on three criteria (84) 
using the NbClust package (R package version: 3.0.1): the 
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KL index, the Ball index, and the McClain and Rao index.
Subsequently, we labelled the identified clusters 

following recent recommendations on network 
correspondence (85). We computed similarities between 
the clusters’ topography and a set of task-defined networks 
(49, 50) using the Sørensen-Dice index (86, 87) (SDI).

Finally, we examined the lateralization of 
biomarkers within the identified clusters. Using Barnard’s 
unconditional test (88) (implemented via the Barnard R 
package (162), version: 1.8), we tested the significance of 
differences in lateralization between the clusters.

Data and Code Availability Statement
The data (including: the average brain activity maps during 
three language tasks and one visuospatial attention task, 
the 19 neurotransmitter systems maps, the 24 cell-type 
maps, the synaptic density map, and the three mitochon-
drial phenotypes maps) and the code used in the Method 
section to process the data, to reproduce the results and 
visualizations can be found here (163): github.com/loicla-
bache/Labache_2025_MolCelLat.

Acknowledgments
This work was supported by the National Institute of 
Mental Health (R01MH120080 to AJH).

CRediT Authorship Contribution 
Statement
Loïc Labache: Conceptualization, Data Curation, 
Formal Analysis, Investigation, Methodology, Resources, 
Software, Validation, Visualization, Writing—original 
draft, Writing—review & editing, Supervision, and 
Project administration. Sidhant Chopra: Methodology, 
Validation, Writing—review & editing. Xi-Han Zhang: 
Resources, Validation, Writing—review & editing. Avram 
J. Holmes: Conceptualization, Funding acquisition, 
Investigation, Methodology, Project administration, 
Resources, Supervision, Validation, Visualization, 
Writing—original draft, Writing—review & editing.

Competing Interests Statement
The authors declare no actual or potential conflict of 
interest.

References
1. 	 P.-Y. Hervé, L. Zago, L. Petit, B. Mazoyer, N. Tzourio-

Mazoyer, Revisiting human hemispheric specialization 
with neuroimaging. Trends Cogn Sci 17, 69–80 (2013).

2. 	 B. Wan, Ş. Bayrak, T. Xu, H. L. Schaare, R. A. I. 
Bethlehem, B. C. Bernhardt, S. L. Valk, Heritability and 
cross-species comparisons of human cortical functional 
organization asymmetry. Elife 11 (2022).

3. 	 M. C. Corballis, I. S. Häberling, The Many Sides of 
Hemispheric Asymmetry: A Selective Review and 
Outlook. J Int Neuropsychol Soc 23, 710–718 (2017).

4. 	 L. Labache, B. Mazoyer, M. Joliot, F. Crivello, I. Hesling, 
N. Tzourio-Mazoyer, Typical and atypical language brain 
organization based on intrinsic connectivity and multitask 
functional asymmetries. Elife 9 (2020).

5. 	 L. Labache, T. Ge, B. Yeo, A. Holmes, Language network 
lateralization is reflected throughout the macroscale 
functional organization of cortex. Nat. Commun. 14, 3405 

(2023).
6. 	 M. P. Bryden, H. Hécaen, M. DeAgostini, Patterns of 

cerebral organization. Brain Lang 20, 249–262 (1983).
7. 	 G. Badzakova-Trajkov, I. S. Häberling, R. P. Roberts, M. 

C. Corballis, Cerebral asymmetries: complementary and 
independent processes. PLoS One 5, e9682 (2010).

8. 	 O. Güntürkün, S. Ocklenburg, Ontogenesis of 
Lateralization. Neuron 94, 249–263 (2017).

9. 	 P. Heger, W. Zheng, A. Rottmann, K. A. Panfilio, T. 
Wiehe, The genetic factors of bilaterian evolution. Elife 9 
(2020).

10. 	 M. S. Gazzaniga, Cerebral specialization and 
interhemispheric communication: does the corpus 
callosum enable the human condition? Brain 123 ( Pt 7), 
1293–1326 (2000).

11. 	 C. A. Marzi, Interhemispheric differences in visual 
attention. Handb Clin Neurol 208, 115–125 (2025).

12. 	 S. Ocklenburg, P. Friedrich, O. Güntürkün, E. Genç, 
Intrahemispheric white matter asymmetries: the missing 
link between brain structure and functional lateralization? 
Rev Neurosci 27, 465–480 (2016).

13. 	 G. Vingerhoets, Phenotypes in hemispheric functional 
segregation? Perspectives and challenges. Phys Life Rev 
30, 1–18 (2019).

14. 	 C. Francks, In search of the biological roots of typical 
and atypical human brain asymmetry: Comment on 
“Phenotypes in hemispheric functional segregation? 
Perspectives and challenges” by Guy Vingerhoets. Phys 
Life Rev 30, 22–24 (2019).

15. 	 N. Tzourio-Mazoyer, L. Zago, H. Cochet, F. Crivello, 
Development of handedness, anatomical and functional 
brain lateralization. Handb Clin Neurol 173, 99–105 
(2020).

16. 	 D. H. Geschwind, B. L. Miller, Molecular approaches to 
cerebral laterality: development and neurodegeneration. 
Am. J. Med. Genet. 101, 370–381 (2001).

17. 	 X.-Z. Kong, M. C. Postema, T. Guadalupe, C. de Kovel, P. 
S. W. Boedhoe, M. Hoogman, S. R. Mathias, D. van Rooij, 
D. Schijven, D. C. Glahn, S. E. Medland, N. Jahanshad, 
S. I. Thomopoulos, J. A. Turner, J. Buitelaar, T. G. M. 
van Erp, B. Franke, S. E. Fisher, O. A. van den Heuvel, 
L. Schmaal, P. M. Thompson, C. Francks, Mapping brain 
asymmetry in health and disease through the ENIGMA 
consortium. Hum Brain Mapp 43, 167–181 (2022).

18. 	 E. Bruner, Hemispheric asymmetries, paleoneurology, 
and the evolution of the human genus. Handb Clin Neurol 
208, 231–240 (2025).

19. 	 R. Everts, K. Lidzba, M. Wilke, C. Kiefer, M. Mordasini, 
G. Schroth, W. Perrig, M. Steinlin, Strengthening of 
laterality of verbal and visuospatial functions during 
childhood and adolescence. Hum Brain Mapp 30, 473–483 
(2009).

20. 	 J. Hill, D. Dierker, J. Neil, T. Inder, A. Knutsen, J. Harwell, 
T. Coalson, D. Van Essen, A surface-based analysis of 
hemispheric asymmetries and folding of cerebral cortex 
in term-born human infants. J Neurosci 30, 2268–2276 
(2010).

21. 	 H.-M. Dong, X.-H. Zhang, L. Labache, S. Zhang, L. Q. R. 
Ooi, B. T. T. Yeo, D. S. Margulies, A. J. Holmes, X.-N. 
Zuo, Ventral attention network connectivity is linked to 
cortical maturation and cognitive ability in childhood. Nat 
Neurosci 27, 2009–2020 (2024).

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

https://github.com/loiclabache/Labache_2025_MolCelLat
https://github.com/loiclabache/Labache_2025_MolCelLat
https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 16

22. 	 S. Ocklenburg, A. Mundorf, R. Gerrits, E. M. Karlsson, M. 
Papadatou-Pastou, G. Vingerhoets, Clinical implications 
of brain asymmetries. Nat Rev Neurol 20, 383–394 
(2024).

23. 	 D. V. M. Bishop, Cerebral asymmetry and language 
development: cause, correlate, or consequence? Science 
340, 1230531 (2013).

24. 	 J. Packheiser, J. Borawski, G. Berretz, S. A. Merklein, 
M. Papadatou-Pastou, S. Ocklenburg, Handedness in 
mental and neurodevelopmental disorders: A systematic 
review and second-order meta-analysis. Psychol Bull 151, 
476–512 (2025).

25. 	 A. Mundorf, S. Ocklenburg, The Clinical Neuroscience of 
Lateralization (Routledge, 2021).

26. 	 D. L. Floris, T. Wolfers, M. Zabihi, N. E. Holz, M. P. 
Zwiers, T. Charman, J. Tillmann, C. Ecker, F. Dell’Acqua, 
T. Banaschewski, C. Moessnang, S. Baron-Cohen, 
R. Holt, S. Durston, E. Loth, D. G. M. Murphy, A. 
Marquand, J. K. Buitelaar, C. F. Beckmann, EU-AIMS 
Longitudinal European Autism Project Group, Atypical 
Brain Asymmetry in Autism-A Candidate for Clinically 
Meaningful Stratification. Biol Psychiatry Cogn Neurosci 
Neuroimaging 6, 802–812 (2021).

27. 	 M. Zeev-Wolf, A. Goldstein, Y. Levkovitz, M. Faust, Fine-
coarse semantic processing in schizophrenia: a reversed 
pattern of hemispheric dominance. Neuropsychologia 56, 
119–128 (2014).

28. 	 S. Banjac, M. Baciu, Unveiling the hemispheric 
specialization of language: Organization and 
neuroplasticity. Handb Clin Neurol 208, 351–365 (2025).

29. 	 J. Y. Hansen, G. Shafiei, R. D. Markello, K. Smart, S. M. 
L. Cox, M. Nørgaard, V. Beliveau, Y. Wu, J.-D. Gallezot, 
É. Aumont, S. Servaes, S. G. Scala, J. M. DuBois, G. 
Wainstein, G. Bezgin, T. Funck, T. W. Schmitz, R. N. 
Spreng, M. Galovic, M. J. Koepp, J. S. Duncan, J. P. 
Coles, T. D. Fryer, F. I. Aigbirhio, C. J. McGinnity, A. 
Hammers, J.-P. Soucy, S. Baillet, S. Guimond, J. Hietala, 
M.-A. Bedard, M. Leyton, E. Kobayashi, P. Rosa-Neto, 
M. Ganz, G. M. Knudsen, N. Palomero-Gallagher, J. M. 
Shine, R. E. Carson, L. Tuominen, A. Dagher, B. Misic, 
Mapping neurotransmitter systems to the structural and 
functional organization of the human neocortex. Nat. 
Neurosci. 25, 1569–1581 (2022).

30. 	 M. M. Mesulam, From sensation to cognition. Brain 121 ( 
Pt 6), 1013–1052 (1998).

31. 	 N. Palomero-Gallagher, K. Zilles, Cyto- and receptor 
architectonic mapping of the human brain. Handb Clin 
Neurol 150, 355–387 (2018).

32. 	 B. Hänisch, J. Y. Hansen, B. C. Bernhardt, S. B. Eickhoff, 
J. Dukart, B. Misic, S. L. Valk, Cerebral chemoarchitecture 
shares organizational traits with brain structure and 
function. Elife 12 (2023).

33. 	 M. M. Mesulam, Large-scale neurocognitive networks 
and distributed processing for attention, language, and 
memory. Ann Neurol 28, 597–613 (1990).

34. 	 K. Zilles, M. Bacha-Trams, N. Palomero-Gallagher, 
K. Amunts, A. D. Friederici, Common molecular basis 
of the sentence comprehension network revealed by 
neurotransmitter receptor fingerprints. Cortex 63, 79–89 
(2015).

35. 	 D. M. Tucker, P. A. Williamson, Asymmetric neural 
control systems in human self-regulation. Psychol. Rev. 

91, 185–215 (1984).
36. 	 A. W. Toga, P. M. Thompson, Mapping brain asymmetry. 

Nat Rev Neurosci 4, 37–48 (2003).
37. 	 T. Sun, C. A. Walsh, Molecular approaches to brain 

asymmetry and handedness. Nat. Rev. Neurosci. 7, 
655–662 (2006).

38. 	 Z. Liao, T. Banaschewski, A. L. W. Bokde, S. Desrivières, 
H. Flor, A. Grigis, H. Garavan, P. Gowland, A. Heinz, 
B. Ittermann, J.-L. Martinot, M.-L. Paillère Martinot, E. 
Artiges, F. Nees, D. Papadopoulos Orfanos, L. Poustka, 
S. Hohmann, S. Millenet, J. H. Fröhner, M. N. Smolka, 
H. Walter, R. Whelan, G. Schumann, T. Paus, IMAGEN 
Consortium, Hemispheric asymmetry in cortical thinning 
reflects intrinsic organization of the neurotransmitter 
systems and homotopic functional connectivity. Proc Natl 
Acad Sci U S A 120, e2306990120 (2023).

39. 	 S. D. Glick, D. A. Ross, L. B. Hough, Lateral asymmetry 
of neurotransmitters in human brain. Brain Res 234, 
53–63 (1982).

40. 	 A. Johansen, V. Beliveau, E. Colliander, N. R. Raval, V. H. 
Dam, N. Gillings, S. Aznar, C. Svarer, P. Plavén-Sigray, G. 
M. Knudsen, An In Vivo High-Resolution Human Brain 
Atlas of Synaptic Density. J. Neurosci. 44 (2024).

41. 	 X.-H. Zhang, K. M. Anderson, H.-M. Dong, S. Chopra, 
E. Dhamala, P. S. Emani, M. B. Gerstein, D. S. Margulies, 
A. J. Holmes, The cell-type underpinnings of the human 
functional cortical connectome. Nat Neurosci, doi: 
10.1038/s41593-024-01812-2 (2024).

42. 	 K. M. Anderson, F. M. Krienen, E. Y. Choi, J. M. 
Reinen, B. T. T. Yeo, A. J. Holmes, Gene expression 
links functional networks across cortex and striatum. Nat. 
Commun. 9, 1428 (2018).

43. 	 K. M. Anderson, M. A. Collins, R. Chin, T. Ge, M. D. 
Rosenberg, A. J. Holmes, Transcriptional and imaging-
genetic association of cortical interneurons, brain 
function, and schizophrenia risk. Nat. Commun. 11, 2889 
(2020).

44. 	 M. M. K. Wong, Z. Sha, L. Lütje, X.-Z. Kong, S. van 
Heukelum, W. D. J. van de Berg, L. E. Jonkman, S. E. 
Fisher, C. Francks, The neocortical infrastructure for 
language involves region-specific patterns of laminar gene 
expression. Proc Natl Acad Sci U S A 121, e2401687121 
(2024).

45. 	 C. Kelly, C. Trumpff, C. Acosta, S. Assuras, J. Baker, 
S. Basarrate, A. Behnke, K. Bo, N. Bobba-Alves, F. 
A. Champagne, Q. Conklin, M. Cross, P. De Jager, K. 
Engelstad, E. Epel, S. G. Franklin, M. Hirano, Q. Huang, 
A. Junker, R.-P. Juster, D. Kapri, C. Kirschbaum, M. 
Kurade, V. Lauriola, S. Li, C. C. Liu, G. Liu, B. McEwen, 
M. A. McGill, K. McIntyre, A. S. Monzel, J. Michelson, 
A. A. Prather, E. Puterman, X. Q. Rosales, P. A. Shapiro, 
D. Shire, G. M. Slavich, R. P. Sloan, J. L. M. Smith, M. 
Spann, J. Spicer, G. Sturm, S. Tepler, M. T. de Schotten, T. 
D. Wager, M. Picard, MiSBIE Study Group, A platform to 
map the mind-mitochondria connection and the hallmarks 
of psychobiology: the MiSBIE study. Trends Endocrinol 
Metab 35, 884–901 (2024).

46. 	 E. V. Mosharov, A. M. Rosenberg, A. S. Monzel, C. A. 
Osto, L. Stiles, G. B. Rosoklija, A. J. Dwork, S. Bindra, A. 
Junker, Y. Zhang, M. Fujita, M. B. Mariani, M. Bakalian, 
D. Sulzer, P. L. De Jager, V. Menon, O. S. Shirihai, J. J. 
Mann, M. D. Underwood, M. Boldrini, M. Thiebaut de 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 17

Schotten, M. Picard, A human brain map of mitochondrial 
respiratory capacity and diversity. Nature, doi: 10.1038/
s41586-025-08740-6 (2025).

47. 	 S. D. Jamadar, A. Behler, H. Deery, M. Breakspear, 
The metabolic costs of cognition. Trends Cogn Sci, doi: 
10.1016/j.tics.2024.11.010 (2025).

48. 	 B. Wan, V. Riedl, G. Castrillon, M. Kirschner, S. L. Valk, 
Bridging glucose metabolism and intrinsic functional 
organization of the human cortex, bioRxiv (2024). https://
doi.org/10.1101/2024.09.26.615152.

49. 	 L. Labache, M. Joliot, J. Saracco, G. Jobard, I. Hesling, 
L. Zago, E. Mellet, L. Petit, F. Crivello, B. Mazoyer, N. 
Tzourio-Mazoyer, A SENtence Supramodal Areas AtlaS 
(SENSAAS) based on multiple task-induced activation 
mapping and graph analysis of intrinsic connectivity 
in 144 healthy right-handers. Brain Struct. Funct. 224, 
859–882 (2019).

50. 	 L. Labache, L. Petit, M. Joliot, L. Zago, Atlas for the 
Lateralized Visuospatial Attention Networks (ALANs): 
Insights from fMRI and network analyses. Imaging 
Neuroscience 2, 1–22 (2024).

51. 	 B. Mazoyer, E. Mellet, G. Perchey, L. Zago, F. Crivello, G. 
Jobard, N. Delcroix, M. Vigneau, G. Leroux, L. Petit, M. 
Joliot, N. Tzourio-Mazoyer, BIL&GIN: A neuroimaging, 
cognitive, behavioral, and genetic database for the study of 
human brain lateralization. Neuroimage 124, 1225–1231 
(2016).

52. 	 M. Joliot, G. Jobard, M. Naveau, N. Delcroix, L. Petit, 
L. Zago, F. Crivello, E. Mellet, B. Mazoyer, N. Tzourio-
Mazoyer, AICHA: An atlas of intrinsic connectivity of 
homotopic areas. J. Neurosci. Methods 254, 46–59 (2015).

53. 	 H.-T. Wang, J. Smallwood, J. Mourao-Miranda, C. H. 
Xia, T. D. Satterthwaite, D. S. Bassett, D. Bzdok, Finding 
the needle in a high-dimensional haystack: Canonical 
correlation analysis for neuroscientists. Neuroimage 216, 
116745 (2020).

54. 	 D. Bzdok, G. Varoquaux, O. Grisel, M. Eickenberg, C. 
Poupon, B. Thirion, Formal Models of the Network 
Co-occurrence Underlying Mental Operations. PLoS 
Comput Biol 12, e1004994 (2016).

55. 	 S. M. Smith, T. E. Nichols, D. Vidaurre, A. M. Winkler, 
T. E. J. Behrens, M. F. Glasser, K. Ugurbil, D. M. Barch, 
D. C. Van Essen, K. L. Miller, A positive-negative 
mode of population covariation links brain connectivity, 
demographics and behavior. Nat Neurosci 18, 1565–1567 
(2015).

56. 	 F. Váša, B. Mišić, Null models in network neuroscience. 
Nat Rev Neurosci 23, 493–504 (2022).

57. 	 M. D. Stockbridge, Better language through 
chemistry: Augmenting speech-language therapy with 
pharmacotherapy in the treatment of aphasia. Handb Clin 
Neurol 185, 261–272 (2022).

58. 	 N. Tzourio-Mazoyer, L. Labache, L. Zago, I. Hesling, B. 
Mazoyer, Neural support of manual preference revealed 
by BOLD variations during right and left finger-tapping in 
a sample of 287 healthy adults balanced for handedness. 
Laterality, 1–23 (2021).

59. 	 B. T. T. Yeo, F. M. Krienen, J. Sepulcre, M. R. Sabuncu, 
D. Lashkari, M. Hollinshead, J. L. Roffman, J. W. Smoller, 
L. Zöllei, J. R. Polimeni, B. Fischl, H. Liu, R. L. Buckner, 
The organization of the human cerebral cortex estimated 
by intrinsic functional connectivity. J. Neurophysiol. 106, 

1125–1165 (2011).
60. 	 J. B. Burt, M. Helmer, M. Shinn, A. Anticevic, J. D. 

Murray, Generative modeling of brain maps with spatial 
autocorrelation. Neuroimage 220, 117038 (2020).

61. 	 J. C. Landoni, T. Kleele, J. Winter, W. Stepp, S. Manley, 
Mitochondrial Structure, Dynamics, and Physiology: 
Light Microscopy to Disentangle the Network. Annu Rev 
Cell Dev Biol 40, 219–240 (2024).

62. 	 D. Tomasi, G.-J. Wang, N. D. Volkow, Energetic cost of 
brain functional connectivity. Proc Natl Acad Sci U S A 
110, 13642–13647 (2013).

63. 	 T. Volpi, E. Silvestri, M. Aiello, J. J. Lee, A. G. Vlassenko, 
M. S. Goyal, M. Corbetta, A. Bertoldo, The brain’s “dark 
energy” puzzle: How strongly is glucose metabolism 
linked to resting-state brain activity? J Cereb Blood Flow 
Metab 44, 1433–1449 (2024).

64. 	 C. Fecher, L. Trovò, S. A. Müller, N. Snaidero, J. 
Wettmarshausen, S. Heink, O. Ortiz, I. Wagner, R. Kühn, 
J. Hartmann, R. M. Karl, A. Konnerth, T. Korn, W. Wurst, 
D. Merkler, S. F. Lichtenthaler, F. Perocchi, T. Misgeld, 
Cell-type-specific profiling of brain mitochondria reveals 
functional and molecular diversity. Nat Neurosci 22, 
1731–1742 (2019).

65. 	 A. M. Rosenberg, M. Saggar, A. S. Monzel, J. Devine, P. 
Rogu, A. Limoges, A. Junker, C. Sandi, E. V. Mosharov, 
D. Dumitriu, C. Anacker, M. Picard, Brain mitochondrial 
diversity and network organization predict anxiety-like 
behavior in male mice. Nat Commun 14, 4726 (2023).

66. 	 R. S. O’Dell, A. P. Mecca, J. Waszak, E. Sharp, M.-K. 
Chen, M. Naganawa, T. Toyonaga, Y. Lu, A. Chupak, E. 
Cooper, J. Lam, A. Miller, E. Waldner, H. Weibley, Y. 
Zhao, N. B. Nabulsi, Y. Huang, A. F. T. Arnsten, R. E. 
Carson, C. H. van Dyck, Association of synaptic density 
and glucose metabolism with cognitive performance in 
early Alzheimer’s disease: a PET imaging study with 
[11C]UCB‐J and [18F]FDG. Alzheimers. Dement. 18 
(2022).

67. 	 M. Picard, B. S. McEwen, Mitochondria impact brain 
function and cognition. Proc Natl Acad Sci U S A 111, 
7–8 (2014).

68. 	 Y. Benjamini, Y. Hochberg, Controlling the false 
discovery rate: A practical and powerful approach to 
multiple testing. J. R. Stat. Soc. Series B Stat. Methodol. 
57, 289–300 (1995).

69. 	 N. L. Jorstad, J. H. T. Song, D. Exposito-Alonso, H. 
Suresh, N. Castro-Pacheco, F. M. Krienen, A. M. Yanny, 
J. Close, E. Gelfand, B. Long, S. C. Seeman, K. J. 
Travaglini, S. Basu, M. Beaudin, D. Bertagnolli, M. Crow, 
S.-L. Ding, J. Eggermont, A. Glandon, J. Goldy, K. Kiick, 
T. Kroes, D. McMillen, T. Pham, C. Rimorin, K. Siletti, 
S. Somasundaram, M. Tieu, A. Torkelson, G. Feng, W. 
D. Hopkins, T. Höllt, C. D. Keene, S. Linnarsson, S. A. 
McCarroll, B. P. Lelieveldt, C. C. Sherwood, K. Smith, C. 
A. Walsh, A. Dobin, J. Gillis, E. S. Lein, R. D. Hodge, T. 
E. Bakken, Comparative transcriptomics reveals human-
specific cortical features. Science 382, eade9516 (2023).

70. 	 D. S. Margulies, S. S. Ghosh, A. Goulas, M. Falkiewicz, 
J. M. Huntenburg, G. Langs, G. Bezgin, S. B. Eickhoff, 
F. X. Castellanos, M. Petrides, E. Jefferies, J. Smallwood, 
Situating the default-mode network along a principal 
gradient of macroscale cortical organization. Proc. Natl. 
Acad. Sci. U. S. A. 113, 12574–12579 (2016).

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 18

71. 	 J. J. Salvo, M. Lakshman, A. M. Holubecki, Z. M. 
Saygin, M. M. Mesulam, R. M. Braga, The ventral 
visual stream for reading converges on the transmodal 
language network, bioRxiv (2025). https://doi.
org/10.1101/2025.09.17.676937.

72. 	 B. Wan, A. Saberi, C. Paquola, H. L. Schaare, M. D. 
Hettwer, J. Royer, A. John, L. Dorfschmidt, Ş. Bayrak, 
R. A. I. Bethlehem, S. B. Eickhoff, B. C. Bernhardt, S. 
L. Valk, Microstructural asymmetry in the human cortex. 
Nat Commun 15, 10124 (2024).

73. 	 S. Moberg, N. Takahashi, Neocortical layer 5 subclasses: 
From cellular properties to roles in behavior. Front 
Synaptic Neurosci 14, 1006773 (2022).

74. 	 W. Wen, J. Cheng, Y. Tang, Brain perivascular 
macrophages: current understanding and future prospects. 
Brain 147, 39–55 (2024).

75. 	 J. A. Stogsdill, K. Kim, L. Binan, S. L. Farhi, J. Z. Levin, 
P. Arlotta, Pyramidal neuron subtype diversity governs 
microglia states in the neocortex. Nature 608, 750–756 
(2022).

76. 	 X. Mao, J. F. Staiger, Multimodal cortical neuronal cell 
type classification. Pflugers Arch 476, 721–733 (2024).

77. 	 K. D. Harris, G. M. G. Shepherd, The neocortical circuit: 
themes and variations. Nat Neurosci 18, 170–181 (2015).

78. 	 R. M. Braga, L. M. DiNicola, H. C. Becker, R. L. Buckner, 
Situating the left-lateralized language network in the 
broader organization of multiple specialized large-scale 
distributed networks. J Neurophysiol 124, 1415–1448 
(2020).

79. 	 H. Peng, P. Xie, L. Liu, X. Kuang, Y. Wang, L. Qu, H. 
Gong, S. Jiang, A. Li, Z. Ruan, L. Ding, Z. Yao, C. Chen, 
M. Chen, T. L. Daigle, R. Dalley, Z. Ding, Y. Duan, 
A. Feiner, P. He, C. Hill, K. E. Hirokawa, G. Hong, L. 
Huang, S. Kebede, H.-C. Kuo, R. Larsen, P. Lesnar, L. 
Li, Q. Li, X. Li, Y. Li, Y. Li, A. Liu, D. Lu, S. Mok, L. 
Ng, T. N. Nguyen, Q. Ouyang, J. Pan, E. Shen, Y. Song, 
S. M. Sunkin, B. Tasic, M. B. Veldman, W. Wakeman, W. 
Wan, P. Wang, Q. Wang, T. Wang, Y. Wang, F. Xiong, W. 
Xiong, W. Xu, M. Ye, L. Yin, Y. Yu, J. Yuan, J. Yuan, Z. 
Yun, S. Zeng, S. Zhang, S. Zhao, Z. Zhao, Z. Zhou, Z. J. 
Huang, L. Esposito, M. J. Hawrylycz, S. A. Sorensen, X. 
W. Yang, Y. Zheng, Z. Gu, W. Xie, C. Koch, Q. Luo, J. 
A. Harris, Y. Wang, H. Zeng, Morphological diversity of 
single neurons in molecularly defined cell types. Nature 
598, 174–181 (2021).

80. 	 M. J. Hawrylycz, E. S. Lein, A. L. Guillozet-Bongaarts, 
E. H. Shen, L. Ng, J. A. Miller, L. N. van de Lagemaat, 
K. A. Smith, A. Ebbert, Z. L. Riley, C. Abajian, C. F. 
Beckmann, A. Bernard, D. Bertagnolli, A. F. Boe, P. M. 
Cartagena, M. M. Chakravarty, M. Chapin, J. Chong, R. 
A. Dalley, B. David Daly, C. Dang, S. Datta, N. Dee, T. 
A. Dolbeare, V. Faber, D. Feng, D. R. Fowler, J. Goldy, 
B. W. Gregor, Z. Haradon, D. R. Haynor, J. G. Hohmann, 
S. Horvath, R. E. Howard, A. Jeromin, J. M. Jochim, M. 
Kinnunen, C. Lau, E. T. Lazarz, C. Lee, T. A. Lemon, 
L. Li, Y. Li, J. A. Morris, C. C. Overly, P. D. Parker, 
S. E. Parry, M. Reding, J. J. Royall, J. Schulkin, P. A. 
Sequeira, C. R. Slaughterbeck, S. C. Smith, A. J. Sodt, 
S. M. Sunkin, B. E. Swanson, M. P. Vawter, D. Williams, 
P. Wohnoutka, H. R. Zielke, D. H. Geschwind, P. R. Hof, 
S. M. Smith, C. Koch, S. G. N. Grant, A. R. Jones, An 
anatomically comprehensive atlas of the adult human 

brain transcriptome. Nature 489, 391–399 (2012).
81. 	 X. Yan, R. Kong, A. Xue, Q. Yang, C. Orban, L. An, A. J. 

Holmes, X. Qian, J. Chen, X.-N. Zuo, J. H. Zhou, M. V. 
Fortier, A. P. Tan, P. Gluckman, Y. S. Chong, M. J. Meaney, 
D. Bzdok, S. B. Eickhoff, B. T. T. Yeo, Homotopic local-
global parcellation of the human cerebral cortex from 
resting-state functional connectivity. Neuroimage 273, 
120010 (2023).

82. 	 P. H. Sneath, R. R. Sokal, Numerical Taxonomy. The 
Principles and Practice of Numerical Classification (a 
Series of Books in Biology) (WF Freeman and Co., San 
Francisco, 1973)vol. 573.

83. 	 J. H. Ward Jr, Hierarchical grouping to optimize an 
objective function. J. Am. Stat. Assoc. 58, 236–244 
(1963).

84. 	 M. Charrad, N. Ghazzali, V. Boiteau, A. Niknafs, NbClust: 
AnRPackage for determining the relevant number of 
clusters in a data set. J. Stat. Softw. 61 (2014).

85. 	 R. Q. Kong, R. N. Spreng, A. Xue, R. Betzel, J. R. Cohen, 
J. Damoiseaux, F. De Brigard, S. B. Eickhoff, A. Fornito, 
C. Gratton, E. M. Gordon, A. J. Holmes, A. R. Laird, 
L. Larson-Prior, L. D. Nickerson, A. L. Pinho, A. Razi, 
S. Sadaghiani, J. Shine, A. Yendiki, B. T. T. Yeo, L. Q. 
Uddin, A network correspondence toolbox for quantitative 
evaluation of novel neuroimaging results, bioRxiv (2024). 
https://doi.org/10.1101/2024.06.17.599426.

86. 	 L. R. Dice, Measures of the amount of ecologic association 
between species. Ecology 26, 297–302 (1945).

87. 	 T. Sørensen, A Method of Establishing Groups of Equal 
Amplitude in Plant Sociology Based on Similarity of 
Species Content and Its Application to Analyses of the 
Vegetation on Danish Commons (1948).

88. 	 G. A. Barnard, A new test for 2 × 2 tables. Nature 156, 
177–177 (1945).

89. 	 S. J. Sara, S. Bouret, Orienting and reorienting: the locus 
coeruleus mediates cognition through arousal. Neuron 76, 
130–141 (2012).

90. 	 J. M. Fuster, Cortex and memory: emergence of a new 
paradigm. J Cogn Neurosci 21, 2047–2072 (2009).

91. 	 S. Bouret, S. J. Sara, Network reset: a simplified 
overarching theory of locus coeruleus noradrenaline 
function. Trends Neurosci 28, 574–582 (2005).

92. 	 E. J. Hermans, H. J. F. van Marle, L. Ossewaarde, M. J. A. 
G. Henckens, S. Qin, M. T. R. van Kesteren, V. C. Schoots, 
H. Cousijn, M. Rijpkema, R. Oostenveld, G. Fernández, 
Stress-related noradrenergic activity prompts large-scale 
neural network reconfiguration. Science 334, 1151–1153 
(2011).

93. 	 N. L. Taylor, A. D’Souza, B. R. Munn, J. Lv, L. Zaborszky, 
E. J. Müller, G. Wainstein, F. Calamante, J. M. Shine, 
Structural connections between the noradrenergic and 
cholinergic system shape the dynamics of functional brain 
networks. Neuroimage 260, 119455 (2022).

94. 	 C. O’Callaghan, Noradrenaline drives learning across 
scales of time and neurobiological organisation. Trends 
Cogn Sci, doi: 10.1016/j.tics.2025.07.003 (2025).

95. 	 C. Grimm, S. N. Duss, M. Privitera, B. R. Munn, N. 
Karalis, S. Frässle, M. Wilhelm, T. Patriarchi, D. Razansky, 
N. Wenderoth, J. M. Shine, J. Bohacek, V. Zerbi, Tonic 
and burst-like locus coeruleus stimulation distinctly 
shift network activity across the cortical hierarchy. Nat 
Neurosci 27, 2167–2177 (2024).

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 19

96. 	 L. Veronelli, G. Vallar, Left- and right-side unilateral 
spatial neglect: Hemispheric differences. Handb Clin 
Neurol 208, 127–154 (2025).

97. 	 R. Cools, A. F. T. Arnsten, Neuromodulation of 
prefrontal cortex cognitive function in primates: the 
powerful roles of monoamines and acetylcholine. 
Neuropsychopharmacology 47, 309–328 (2022).

98. 	 J. M. Shine, E. J. Müller, B. Munn, J. Cabral, R. J. Moran, 
M. Breakspear, Computational models link cellular 
mechanisms of neuromodulation to large-scale neural 
dynamics. Nat Neurosci 24, 765–776 (2021).

99. 	 C. Francks, “The genetic bases of brain lateralization” in 
Human Language (The MIT Press, 2019), pp. 595–608.

100. 	 Z. Sha, C. Francks, Large-scale genetic mapping for 
human brain asymmetry. Handb Clin Neurol 208, 241–254 
(2025).

101. 	 D. P. McCobb, C. S. Cohan, J. A. Connor, S. B. Kater, 
Interactive effects of serotonin and acetylcholine on 
neurite elongation. Neuron 1, 377–385 (1988).

102. 	 D. Schijven, S. Soheili-Nezhad, S. E. Fisher, C. Francks, 
Exome-wide analysis implicates rare protein-altering 
variants in human handedness. Nat Commun 15, 2632 
(2024).

103. 	 A. Carrion-Castillo, L. Van der Haegen, N. Tzourio-
Mazoyer, T. Kavaklioglu, S. Badillo, M. Chavent, J. 
Saracco, M. Brysbaert, S. E. Fisher, B. Mazoyer, C. 
Francks, Genome sequencing for rightward hemispheric 
language dominance. Genes Brain Behav 18, e12572 
(2019).

104. 	 B. Mazoyer, L. Zago, G. Jobard, F. Crivello, M. Joliot, G. 
Perchey, E. Mellet, L. Petit, N. Tzourio-Mazoyer, Gaussian 
Mixture Modeling of Hemispheric Lateralization for 
Language in a Large Sample of Healthy Individuals 
Balanced for Handedness. [Preprint] (2014). https://doi.
org/10.1371/journal.pone.0101165.

105. 	 A. I. Luppi, S. P. Singleton, J. Y. Hansen, K. W. Jamison, 
D. Bzdok, A. Kuceyeski, R. F. Betzel, B. Misic, 
Contributions of network structure, chemoarchitecture 
and diagnostic categories to transitions between cognitive 
topographies. Nat Biomed Eng 8, 1142–1161 (2024).

106. 	 D. Schijven, M. C. Postema, M. Fukunaga, J. Matsumoto, 
K. Miura, S. M. C. de Zwarte, N. E. M. van Haren, W. 
Cahn, H. E. Hulshoff Pol, R. S. Kahn, R. Ayesa-Arriola, 
V. Ortiz-García de la Foz, D. Tordesillas-Gutierrez, J. 
Vázquez-Bourgon, B. Crespo-Facorro, D. Alnæs, A. 
Dahl, L. T. Westlye, I. Agartz, O. A. Andreassen, E. G. 
Jönsson, P. Kochunov, J. M. Bruggemann, S. V. Catts, P. 
T. Michie, B. J. Mowry, Y. Quidé, P. E. Rasser, U. Schall, 
R. J. Scott, V. J. Carr, M. J. Green, F. A. Henskens, C. M. 
Loughland, C. Pantelis, C. S. Weickert, T. W. Weickert, L. 
de Haan, K. Brosch, J.-K. Pfarr, K. G. Ringwald, F. Stein, 
A. Jansen, T. T. J. Kircher, I. Nenadić, B. Krämer, O. 
Gruber, T. D. Satterthwaite, J. Bustillo, D. H. Mathalon, 
A. Preda, V. D. Calhoun, J. M. Ford, S. G. Potkin, J. 
Chen, Y. Tan, Z. Wang, H. Xiang, F. Fan, F. Bernardoni, 
S. Ehrlich, P. Fuentes-Claramonte, M. A. Garcia-Leon, 
A. Guerrero-Pedraza, R. Salvador, S. Sarró, E. Pomarol-
Clotet, V. Ciullo, F. Piras, D. Vecchio, N. Banaj, G. 
Spalletta, S. Michielse, T. van Amelsvoort, E. W. Dickie, 
A. N. Voineskos, K. Sim, S. Ciufolini, P. Dazzan, R. 
M. Murray, W.-S. Kim, Y.-C. Chung, C. Andreou, A. 
Schmidt, S. Borgwardt, A. M. McIntosh, H. C. Whalley, 

S. M. Lawrie, S. du Plessis, H. K. Luckhoff, F. Scheffler, 
R. Emsley, D. Grotegerd, R. Lencer, U. Dannlowski, J. T. 
Edmond, K. Rootes-Murdy, J. M. Stephen, A. R. Mayer, 
L. A. Antonucci, L. Fazio, G. Pergola, A. Bertolino, C. 
M. Díaz-Caneja, J. Janssen, N. G. Lois, C. Arango, A. S. 
Tomyshev, I. Lebedeva, S. Cervenka, C. M. Sellgren, F. 
Georgiadis, M. Kirschner, S. Kaiser, T. Hajek, A. Skoch, 
F. Spaniel, M. Kim, Y. B. Kwak, S. Oh, J. S. Kwon, A. 
James, G. Bakker, C. Knöchel, M. Stäblein, V. Oertel, A. 
Uhlmann, F. M. Howells, D. J. Stein, H. S. Temmingh, 
A. M. Diaz-Zuluaga, J. A. Pineda-Zapata, C. López-
Jaramillo, S. Homan, E. Ji, W. Surbeck, P. Homan, S. E. 
Fisher, B. Franke, D. C. Glahn, R. C. Gur, R. Hashimoto, 
N. Jahanshad, E. Luders, S. E. Medland, P. M. Thompson, 
J. A. Turner, T. G. M. van Erp, C. Francks, Large-scale 
analysis of structural brain asymmetries in schizophrenia 
via the ENIGMA consortium. Proc. Natl. Acad. Sci. U. S. 
A. 120, e2213880120 (2023).

107. 	 Z. Sha, D. Schijven, C. Francks, Patterns of brain 
asymmetry associated with polygenic risks for autism 
and schizophrenia implicate language and executive 
functions but not brain masculinization. Mol. Psychiatry 
26, 7652–7660 (2021).

108. 	 D. Hecht, Depression and the hyperactive right-
hemisphere. Neurosci. Res. 68, 77–87 (2010).

109. 	 J. D. Herrington, W. Heller, A. Mohanty, A. S. Engels, 
M. T. Banich, A. G. Webb, G. A. Miller, Localization of 
asymmetric brain function in emotion and depression. 
Psychophysiology 47, 442–454 (2010).

110. 	 C. V. Cocuzza, S. Chopra, A. Segal, L. Labache, R. Chin, 
K. Joss, A. J. Holmes, Brain network dynamics reflect 
psychiatric illness status and transdiagnostic symptom 
profiles across health and disease, bioRxiv (2025). https://
doi.org/10.1101/2025.05.23.655864.

111. 	 N. Tzourio-Mazoyer, C. Courtin, “Brain lateralization 
and the emergence of language” in Studies in Language 
Companion Series (John Benjamins Publishing Company, 
Amsterdam, 2013), pp. 237–256.

112. 	 A. W. Toga, P. M. Thompson, Mapping brain asymmetry. 
Nat Rev Neurosci 4, 37–48 (2003).

113. 	 R. Tomer, H. A. Slagter, B. T. Christian, A. S. Fox, C. R. 
King, D. Murali, R. J. Davidson, Dopamine asymmetries 
predict orienting bias in healthy individuals. Cereb Cortex 
23, 2899–2904 (2013).

114. 	 S. Ocklenburg, L. Arning, W. M. Gerding, J. T. Epplen, 
O. Güntürkün, C. Beste, Cholecystokinin A receptor 
(CCKAR) gene variation is associated with language 
lateralization. PLoS One 8, e53643 (2013).

115. 	 R. D. Blakely, L. J. De Felice, H. C. Hartzell, Molecular 
physiology of norepinephrine and serotonin transporters. 
J Exp Biol 196, 263–281 (1994).

116. 	 P. A. Insel, Seminars in medicine of the Beth Israel 
Hospital, Boston. Adrenergic receptors--evolving 
concepts and clinical implications. N Engl J Med 334, 
580–585 (1996).

117. 	 H. Pontzer, M. H. Brown, D. A. Raichlen, H. Dunsworth, 
B. Hare, K. Walker, A. Luke, L. R. Dugas, R. Durazo-
Arvizu, D. Schoeller, J. Plange-Rhule, P. Bovet, T. 
E. Forrester, E. V. Lambert, M. E. Thompson, R. W. 
Shumaker, S. R. Ross, Metabolic acceleration and the 
evolution of human brain size and life history. Nature 533, 
390–392 (2016).

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 20

118. 	 G. Castrillon, S. Epp, A. Bose, L. Fraticelli, A. Hechler, 
R. Belenya, A. Ranft, I. Yakushev, L. Utz, L. Sundar, J. 
P. Rauschecker, C. Preibisch, K. Kurcyus, V. Riedl, An 
energy costly architecture of neuromodulators for human 
brain evolution and cognition. Sci Adv 9, eadi7632 (2023).

119. 	 P. Vanderhaeghen, F. Polleux, Developmental mechanisms 
underlying the evolution of human cortical circuits. Nat 
Rev Neurosci 24, 213–232 (2023).

120. 	 J. Levy, The mammalian brain and the adaptive advantage 
of cerebral asymmetry. Ann N Y Acad Sci 299, 264–272 
(1977).

121. 	 G. Badzakova-Trajkov, I. S. Häberling, M. C. Corballis, 
Cerebral asymmetries in monozygotic twins: an fMRI 
study. Neuropsychologia 48, 3086–3093 (2010).

122. 	 J. Berg, S. A. Sorensen, J. T. Ting, J. A. Miller, T. 
Chartrand, A. Buchin, T. E. Bakken, A. Budzillo, N. Dee, 
S.-L. Ding, N. W. Gouwens, R. D. Hodge, B. Kalmbach, 
C. Lee, B. R. Lee, L. Alfiler, K. Baker, E. Barkan, A. 
Beller, K. Berry, D. Bertagnolli, K. Bickley, J. Bomben, 
T. Braun, K. Brouner, T. Casper, P. Chong, K. Crichton, 
R. Dalley, R. de Frates, T. Desta, S. D. Lee, F. D’Orazi, 
N. Dotson, T. Egdorf, R. Enstrom, C. Farrell, D. Feng, O. 
Fong, S. Furdan, A. A. Galakhova, C. Gamlin, A. Gary, 
A. Glandon, J. Goldy, M. Gorham, N. A. Goriounova, 
S. Gratiy, L. Graybuck, H. Gu, K. Hadley, N. Hansen, 
T. S. Heistek, A. M. Henry, D. B. Heyer, D. Hill, C. 
Hill, M. Hupp, T. Jarsky, S. Kebede, L. Keene, L. Kim, 
M.-H. Kim, M. Kroll, C. Latimer, B. P. Levi, K. E. 
Link, M. Mallory, R. Mann, D. Marshall, M. Maxwell, 
M. McGraw, D. McMillen, E. Melief, E. J. Mertens, L. 
Mezei, N. Mihut, S. Mok, G. Molnar, A. Mukora, L. Ng, 
K. Ngo, P. R. Nicovich, J. Nyhus, G. Olah, A. Oldre, V. 
Omstead, A. Ozsvar, D. Park, H. Peng, T. Pham, C. A. 
Pom, L. Potekhina, R. Rajanbabu, S. Ransford, D. Reid, 
C. Rimorin, A. Ruiz, D. Sandman, J. Sulc, S. M. Sunkin, 
A. Szafer, V. Szemenyei, E. R. Thomsen, M. Tieu, A. 
Torkelson, J. Trinh, H. Tung, W. Wakeman, F. Waleboer, 
K. Ward, R. Wilbers, G. Williams, Z. Yao, J.-G. Yoon, 
C. Anastassiou, A. Arkhipov, P. Barzo, A. Bernard, 
C. Cobbs, P. C. de Witt Hamer, R. G. Ellenbogen, L. 
Esposito, M. Ferreira, R. P. Gwinn, M. J. Hawrylycz, P. 
R. Hof, S. Idema, A. R. Jones, C. D. Keene, A. L. Ko, 
G. J. Murphy, L. Ng, J. G. Ojemann, A. P. Patel, J. W. 
Phillips, D. L. Silbergeld, K. Smith, B. Tasic, R. Yuste, I. 
Segev, C. P. J. de Kock, H. D. Mansvelder, G. Tamas, H. 
Zeng, C. Koch, E. S. Lein, Human neocortical expansion 
involves glutamatergic neuron diversification. Nature 598, 
151–158 (2021).

123. 	 A. Kepecs, G. Fishell, Interneuron cell types are fit to 
function. Nature 505, 318–326 (2014).

124. 	 R. Chin, S. W. C. Chang, A. J. Holmes, Beyond cortex: 
The evolution of the human brain. Psychol Rev 130, 
285–307 (2023).

125. 	 L. M. DiNicola, R. L. Buckner, Precision Estimates of 
Parallel Distributed Association Networks: Evidence for 
Domain Specialization and Implications for Evolution and 
Development. Curr Opin Behav Sci 40, 120–129 (2021).

126. 	 T. j. Crow, The cerebral torque and directional asymmetry 
for hand use are correlates of the capacity for language in 
homo sapiens. Behav. Brain Sci. 28, 595–596 (2005).

127. 	 G. Hartwigsen, Y. Bengio, D. Bzdok, How does 
hemispheric specialization contribute to human-defining 

cognition? Neuron 109, 2075–2090 (2021).
128. 	 E. Roger, L. Labache, N. Hamlin, J. Kruse, M. Baciu, G. 

E. Doucet, When age tips the balance: A dual mechanism 
affecting hemispheric specialization for language. 
Imaging Neurosci (Camb) 3 (2025).

129. 	 M. A. Hofman, Evolution of the human brain: when 
bigger is better. Front Neuroanat 8, 15 (2014).

130. 	 W. D. Hopkins, C. Cantalupo, Theoretical speculations 
on the evolutionary origins of hemispheric specialization. 
Curr. Dir. Psychol. Sci. 17, 233–237 (2008).

131. 	 N. Lubben, E. Ensink, G. A. Coetzee, V. Labrie, The 
enigma and implications of brain hemispheric asymmetry 
in neurodegenerative diseases. Brain Commun 3, fcab211 
(2021).

132. 	 G. Cuellar-Partida, J. Y. Tung, N. Eriksson, E. Albrecht, 
F. Aliev, O. A. Andreassen, I. Barroso, J. S. Beckmann, 
M. P. Boks, D. I. Boomsma, H. A. Boyd, M. M. B. 
Breteler, H. Campbell, D. I. Chasman, L. F. Cherkas, G. 
Davies, E. J. C. de Geus, I. J. Deary, P. Deloukas, D. M. 
Dick, D. L. Duffy, J. G. Eriksson, T. Esko, B. Feenstra, F. 
Geller, C. Gieger, I. Giegling, S. D. Gordon, J. Han, T. F. 
Hansen, A. M. Hartmann, C. Hayward, K. Heikkilä, A. 
A. Hicks, J. N. Hirschhorn, J.-J. Hottenga, J. E. Huffman, 
L.-D. Hwang, M. A. Ikram, J. Kaprio, J. P. Kemp, K.-T. 
Khaw, N. Klopp, B. Konte, Z. Kutalik, J. Lahti, X. Li, R. 
J. F. Loos, M. Luciano, S. H. Magnusson, M. Mangino, 
P. Marques-Vidal, N. G. Martin, W. L. McArdle, M. I. 
McCarthy, C. Medina-Gomez, M. Melbye, S. A. Melville, 
A. Metspalu, L. Milani, V. Mooser, M. Nelis, D. R. Nyholt, 
K. S. O’Connell, R. A. Ophoff, C. Palmer, A. Palotie, T. 
Palviainen, G. Pare, L. Paternoster, L. Peltonen, B. W. J. 
H. Penninx, O. Polasek, P. P. Pramstaller, I. Prokopenko, 
K. Raikkonen, S. Ripatti, F. Rivadeneira, I. Rudan, D. 
Rujescu, J. H. Smit, G. D. Smith, J. W. Smoller, N. Soranzo, 
T. D. Spector, B. S. Pourcain, J. M. Starr, H. Stefánsson, 
S. Steinberg, M. Teder-Laving, G. Thorleifsson, K. 
Stefánsson, N. J. Timpson, A. G. Uitterlinden, C. M. van 
Duijn, F. J. A. van Rooij, J. M. Vink, P. Vollenweider, E. 
Vuoksimaa, G. Waeber, N. J. Wareham, N. Warrington, 
D. Waterworth, T. Werge, H.-E. Wichmann, E. Widen, 
G. Willemsen, A. F. Wright, M. J. Wright, M. Xu, J. H. 
Zhao, P. Kraft, D. A. Hinds, C. M. Lindgren, R. Mägi, 
B. M. Neale, D. M. Evans, S. E. Medland, Genome-wide 
association study identifies 48 common genetic variants 
associated with handedness. Nat Hum Behav 5, 59–70 
(2021).

133. 	 C. G. F. de Kovel, C. Francks, The molecular genetics of 
hand preference revisited. Sci Rep 9, 5986 (2019).

134. 	 J. M. Fuster, The prefrontal cortex--an update: time is of 
the essence. Neuron 30, 319–333 (2001).

135. 	 J. M. Fuster, The prefrontal cortex makes the brain a 
preadaptive system. Proc. IEEE Inst. Electr. Electron. 
Eng. 102, 417–426 (2014).

136. 	 I. Hesling, L. Labache, M. Joliot, N. Tzourio-Mazoyer, 
Large-scale plurimodal networks common to listening 
to, producing and reading word lists: an fMRI study 
combining task-induced activation and intrinsic 
connectivity in 144 right-handers. Brain Struct. Funct. 
224, 3075–3094 (2019).

137. 	 J. Wu, J. Li, S. B. Eickhoff, D. Scheinost, S. Genon, The 
challenges and prospects of brain-based prediction of 
behaviour. Nat Hum Behav 7, 1255–1264 (2023).

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 21

138. 	 F. Pulvermüller, R. Tomasello, M. R. Henningsen-
Schomers, T. Wennekers, Biological constraints on neural 
network models of cognitive function. Nat Rev Neurosci 
22, 488–502 (2021).

139. 	 L. Zago, P.-Y. Hervé, R. Genuer, A. Laurent, B. Mazoyer, 
N. Tzourio-Mazoyer, M. Joliot, Predicting hemispheric 
dominance for language production in healthy individuals 
using support vector machine. Hum Brain Mapp 38, 
5871–5889 (2017).

140. 	 A. Segal, J. Tiego, L. Parkes, A. J. Holmes, A. F. 
Marquand, A. Fornito, Embracing variability in the search 
for biological mechanisms of psychiatric illness. Trends 
Cogn Sci 29, 85–99 (2025).

141. 	 J. M. Fuster, Linkage at the top. Neuron 21, 1223–1224 
(1998).

142. 	 G. Vingerhoets, H. Verhelst, R. Gerrits, N. Badcock, D. 
V. M. Bishop, D. Carey, J. Flindall, G. Grimshaw, L. J. 
Harris, M. Hausmann, M. Hirnstein, L. Jäncke, M. Joliot, 
K. Specht, R. Westerhausen, LICI consortium, Laterality 
indices consensus initiative (LICI): A Delphi expert 
survey report on recommendations to record, assess, 
and report asymmetry in human behavioural and brain 
research. Laterality 28, 122–191 (2023).

143. 	 M. L. Seghier, Laterality index in functional MRI: 
methodological issues. Magn Reson Imaging 26, 594–601 
(2008).

144. 	 M. Baciu, A. Juphard, E. Cousin, J. F. L. Bas, Evaluating 
fMRI methods for assessing hemispheric language 
dominance in healthy subjects. Eur J Radiol 55, 209–218 
(2005).

145. 	 J. A. Nielsen, B. A. Zielinski, M. A. Ferguson, J. E. 
Lainhart, J. S. Anderson, An evaluation of the left-brain 
vs. right-brain hypothesis with resting state functional 
connectivity magnetic resonance imaging. PLoS One 8, 
e71275 (2013).

146. 	 F. Liégeois, A. Connelly, C. H. Salmond, D. G. Gadian, 
F. Vargha-Khadem, T. Baldeweg, A direct test for 
lateralization of language activation using fMRI: 
comparison with invasive assessments in children with 
epilepsy. Neuroimage 17, 1861–1867 (2002).

147. 	 D. V. M. Bishop, Z. V. J. Woodhead, K. E. Watkins, 
Approaches to Measuring Language Lateralisation: An 
Exploratory Study Comparing Two fMRI Methods and 
Functional Transcranial Doppler Ultrasound. Neurobiol 
Lang (Camb) 5, 409–431 (2024).

148. 	 B. Wan, S.-J. Hong, R. A. I. Bethlehem, D. L. Floris, B. C. 
Bernhardt, S. L. Valk, Diverging asymmetry of intrinsic 
functional organization in autism. Mol Psychiatry 28, 
4331–4341 (2023).

149. 	 M. McAvoy, A. Mitra, R. S. Coalson, G. d’Avossa, J. 
L. Keidel, S. E. Petersen, M. E. Raichle, Unmasking 
Language Lateralization in Human Brain Intrinsic 
Activity. Cereb Cortex 26, 1733–1746 (2016).

150. 	 J. Clayden, M. Modat, B. Presles, T. Anthopoulos, 
P. Daga, RNiftyReg: Image registration using the 
“NiftyReg” library, The R Foundation (2010); https://doi.
org/10.32614/cran.package.rniftyreg.

151. 	 N. L. Jorstad, J. Close, N. Johansen, A. M. Yanny, E. 
R. Barkan, K. J. Travaglini, D. Bertagnolli, J. Campos, 
T. Casper, K. Crichton, N. Dee, S.-L. Ding, E. Gelfand, 
J. Goldy, D. Hirschstein, K. Kiick, M. Kroll, M. Kunst, 
K. Lathia, B. Long, N. Martin, D. McMillen, T. Pham, 

C. Rimorin, A. Ruiz, N. Shapovalova, S. Shehata, K. 
Siletti, S. Somasundaram, J. Sulc, M. Tieu, A. Torkelson, 
H. Tung, E. M. Callaway, P. R. Hof, C. D. Keene, B. P. 
Levi, S. Linnarsson, P. P. Mitra, K. Smith, R. D. Hodge, 
T. E. Bakken, E. S. Lein, Transcriptomic cytoarchitecture 
reveals principles of human neocortex organization. 
Science 382, eadf6812 (2023).

152. 	 R Core Team, R: A Language and Environment for 
Statistical Computing (R Foundation for Statistical 
Computing, 2021; https://www.R-project.org/).

153. 	 J. Muschelli, neurobase: “Neuroconductor” Base 
Package with Helper Functions for “nifti” Objects, The 
R Foundation (2016); https://doi.org/10.32614/cran.
package.neurobase.

154. 	 J. Clayden, B. Cox, M. Jenkinson, RNifti: Fast R and C++ 
access to NIfTI images, The R Foundation (2016); https://
doi.org/10.32614/cran.package.rnifti.

155. 	 H. Wickham, R. François, L. Henry, K. Müller, D. 
Vaughan, dplyr: A Grammar of Data Manipulation, The 
R Foundation (2014); https://doi.org/10.32614/cran.
package.dplyr.

156. 	 NITRC: Surf ice: Tool/resource info. http://www.nitrc.
org/projects/surfice/.

157. 	 C. Rorden, Surfice: visualizing neuroimaging meshes, 
tractography streamlines and connectomes. Nat Methods 
22, 1615–1616 (2025).

158. 	 S. Chopra, L. Labache, E. Dhamala, E. R. Orchard, A. 
Holmes, A practical guide for generating reproducible 
and programmatic neuroimaging visualizations. Aperture 
Neuro 3, 1–20 (2023).

159. 	 L. Finos, Acca: A canonical correlation analysis with 
inferential guaranties, The R Foundation (2022); https://
doi.org/10.32614/cran.package.acca.

160. 	 K. Blighe, A. Lun, PCAtools: PCAtools: Everything 
Principal Components Analysis. [Preprint] (2021). https://
github.com/kevinblighe/PCAtools.

161. 	 J. Zimmermann, J. D. Griffiths, A. R. McIntosh, Unique 
Mapping of Structural and Functional Connectivity on 
Cognition. J Neurosci 38, 9658–9667 (2018).

162. 	 K. Erguler, Barnard: Barnard’s unconditional test, The 
R Foundation (2011); https://doi.org/10.32614/cran.
package.barnard.

163. 	 L. Labache, loiclabache/Labache_2025_MolCelLat: 
Labache_MolCelLat_250413 (Zenodo, 2025; https://
zenodo.org/doi/10.5281/zenodo.15207454).

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 22

Extended Data Figures
The molecular and cellular underpinnings 
of human brain lateralization

Loïc Labache1, 2 *, Sidhant Chopra3, 4, Xi-Han Zhang (张喜寒)2, Avram J. Holmes1

1 Department of Psychiatry, Brain Health Institute, Rutgers University, Piscataway, US-NJ 08854. 2 Department of Psychology, Yale University, 
New Haven, US-CT 06520. 3 Orygen, Melbourne, AU-VIC 3052. 4 Center for Youth Mental Health, University of Melbourne, Melbourne, AU-VIC 
3052. * Corresponding authors: Loïc Labache: loic.labache@rutgers.edu.

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

mailto:loic.labache%40rutgers.edu?subject=Biological%20Basis%20Of%20Brain%20Lateralization%20-%20Question
https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 23

Extended Data Fig. 1 | Principal Component 
Analysis (PCA) to produce a parsimonious and 
interpretable description of the original datasets 
(neurotransmitter asymmetries and cortical 
lateralization sets). a, Results of the PCA performed on 
the 19 cortical neurotransmitters density asymmetry maps (neu-
rotransmitter asymmetries set). Based on the elbow criterion, 
we retained seven components, explaining 89% of the original 
data variances. The first three components explained 62% of the 
total variance, and can be decomposed as follow according to 
their loadings: PC One (32%) indicated how leftward lateral-
ized acetylcholine is, PC Two (21%) indicated how much left 
asymmetrical GABA neurotransmitter are, and PC Three (12%) 

is related to the balance between norepinephrine and glutamate 
neurotransmitters. b, Results of the PCA performed on the 4 
functional asymmetry tasks maps (cortical lateralization set). 
Based on the elbow criterion, we retained two components, 
explaining 99% of the original data variances. These two 
components can be decomposed as follow according to their 
loadings: positive loadings for PC One (95%) indicated strong 
leftward asymmetries displayed during the attention task, while 
negative loadings are linked to rightward asymmetries. Positive 
loadings for PC Two (4%) indicated strong rightward asymme-
tries displayed during the thress language related tasks, while 
negative loadings are linked to leftward asymmetries.

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 20, 2025. ; https://doi.org/10.1101/2025.04.11.648388doi: bioRxiv preprint 

https://doi.org/10.1101/2025.04.11.648388
http://creativecommons.org/licenses/by-nc-nd/4.0/


Labache et al. 2025 | Biological Basis of Brain Lateralization | 24

Extended Data Fig. 2 | Canonical Correlation 
Analysis (CCA) results. a, Loadings of normalized 
neurotransmitter density asymmetries for the first CCA mode. 
This mode explained 21% of the variance and was led by 
the first principal component, indicating the degree to which 
acetylcholine neurotransmitters (M1) are leftward lateralized. b,  
Loadings of task fMRI asymmetries for the first CCA mode. 

This mode explained 24% of the variance and indicated the 
balance between the second and first components of the cortical 
lateralization set. This mode reflects hemispheric complemen-
tarity between language and attention tasks. c, Raincloud plots 
displaying results of the spin tests assessing the significance of 
the correlation between the neurotransmitter mode and the task 
mode. The spin test was performed using 10,000 permutations.
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Extended Data Fig. 3 | Second mode of the 
Canonical Correlation Analysis (CCA). a, Loadings 
values of the second neurotransmitter mode. This neurotrans-
mitter mode explained 15% of the variance in the normalized 
neurotransmitter density asymmetry maps. b, Loadings 
values of the second task mode. c, Scatter plot showing the 
association between the second neurotransmitter and second 

task modes. The second neurotransmitter and task modes are 
not significantly correlated (r=0.17, pspin=0.3274; significance 
was assessed using a spin test with 10,000 permutations52). d, 
Projection of each regional CCA weight. The 3D rendering in 
the MNI space was created using Surf Ice software (https://
www.nitrc.org/projects/surfice/).
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Extended Data Fig. 4 | Normalized asymmetry 
maps of cellular biomarkers. Set of 24 normalized 
asymmetry maps of cellular biomarkers as reported by Zhang 
and colleagues33, derived from bulk samples of six postmortem 

brains71. Asymmetries were calculated by subtracting left 
hemisphere values from right hemisphere values (Right - Left) 
and are visualized on the left hemisphere. The maps encompass 
123 cortical regions defined by the homotopic AICHA atlas44.
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Extended Data Fig. 5 | Functional atlases of 
lateralized cognitive functions. a,  The sentence 
supramodal areas atlas41 comprises three networks that provide 
the anatomo-functional support for sentence processing. The 
dark blue network (Core) corresponds to the essential core 
language network, where lesions in its regions lead to aphasia. 
The blue network (Memory) represents a language-support 
network involved in episodic memory. The light blue network 
(Visual) represents a language-support network involved in 
visual processing. b,  The atlas for the lateralized visuospatial 

attention networks comprises five networks that provide 
the anatomo-functional support for visual-spatial attention 
processing42. This atlas includes two primary core attentional 
networks: the parieto-frontal (dark purple) and temporo-frontal 
(purple) networks, as well as three support networks: the 
posterior-medial (light pink) network, and the visual and 
somato-motor networks, both of which support sensory-motor 
functions during visuospatial attention tasks.
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Extended Data Tables
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Receptor / 
Transporter

Correlation 
with CCA 
Mode

p-value (pFWER) Neurotransmitter

Biological
Mechanisms

Neurotransmitter 
Protein Structure

Excitatory / 
Inhibitory

Ionotropic / 
Metabotropic

Gs- / Gi-/ 
Gq-coupled 
Metabotropic 
Pathways

Monoamine / 
Non-Monoamine

M1 *  0.80 5.10-8 (9.10-7) Acetylcholine Excitatory Metabotropic Gq Non monoamine
D1 *  0.71 4.10-12 (8.10-11) Dopamine Excitatory Metabotropic Gs Monoamine
H3 *  0.70 8.10-6 (1.10-4) Histamine Inhibitory Metabotropic Gi Monoamine
DAT *  0.61 1.10-7 (2.10-5) Dopamine Transporter Transporter Other Monoamine
D2 *  0.60 4.10-4 (6.10-3) Dopamine Inhibitory Metabotropic Gi Monoamine
5-HT6  0.56 8.10-3 (1.10-1) Serotonin Excitatory Metabotropic Gs Monoamine
α4β2 *  0.55 3.10-3 (3.10-2) Acetylcholine Excitatory Ionotropic Other Non monoamine
VAChT *  0.47 8.10-5 (1.10-3) Acetylcholine Transporter Transporter Other Non monoamine
mGluR5  0.44 1.10-2 (1.10-1) Glutamate Excitatory Metabotropic Gq Non monoamine
NMDA  0.42 2.10-2 (1.10-1) Glutamate Excitatory Ionotropic Other Non monoamine
MOR  0.30 1.10-2 (1.10-1) Opioid Inhibitory Metabotropic Gi Non monoamine
5-HT1A  0.30 1.10-2 (1.10-1) Serotonin Inhibitory Metabotropic Gi Monoamine
5-HT2A  0.11 5.10-1 (1.100) Serotonin Excitatory Metabotropic Gq Monoamine
5-HTT  0.08 6.10-1 (1.100) Serotonin Transporter Transporter Other Monoamine
5-HT4  0.02 9.10-1 (1.100) Serotonin Excitatory Metabotropic Gs Monoamine
GABAA/BZ -0.01 1.100 (1.100) GABA Inhibitory Ionotropic Other Non monoamine
CB1 -0.02 9.10-1 (1.100) Cannabinoid Inhibitory Metabotropic Gi Non monoamine
5-HT1B -0.09 6.10-1 (1.100) Serotonin Inhibitory Metabotropic Gi Monoamine
NET -0.18 3.10-1 (1.100) Norepinephrine Transporter Transporter Other Monoamine

Extended Data Table 1 | Correlation values and associated p-values of the neurotransmitter mode with 
the 19 normalized neurotransmitter density asymmetries. Neurotransmitters are stratified by biological mechanism 
(excitatory/inhibitory; ionotropic/metabotropic; Gs/Gi/Gq-coupled) and neurotransmitter class (monoamine/non-monoamine) as 
described by Hansen and colleagues (29). Asterisks (*) in the Receptor/Transporter column indicated statistical significance using 
bootstrapping (pFWER<5.10-2).
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Cell-type Description
Astro Astrocyte
Chandelier Chandelier parvalbumin-expressing interneuron
Endo Endothelial cell
L2/3 IT Layer 2/3 intratelencephalic-projecting
L4 IT Layer 4 intratelencephalic-projecting
L5/6 NP Layer 5/6 near-projecting
L5 ET Layer 5 extratelencephalic-projecting
L5 IT Layer 5 intratelencephalic-projecting
L6b Layer 6b
L6 CT Layer 6 corticothalamic-projecting
L6 IT Layer 6 intratelencephalic-projecting
L6 IT Car3 Layer 6 intratelencephalic-projecting (Car3-like)
LAMP5 LAMP5-expressing interneuron
LAMP5 LHX6 LAMP5- and LHX6-expressing interneuron
Micro/PVM Microglia/Perivascular macrophage
Oligo Oligodendrocyte
OPC Oligodendrocyte precursor cell
PAX6 PAX6-expressing interneuron
PVALB Parvalbumin-expressing interneuron
SNCG SNCG-like interneuron
SST Somatostatin-expressing interneuron
SST CHODL Somatostatin- and Chodl-expressing interneuron
VIP VIP-expressing interneuron
VLMC Vascular leptomeningeal cell

Extended Data Table 1 | Cell-type annotations (41).
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