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Multiscale Neuroscience of Psychiatric Disorders

Martijn P. van den Heuvel, Lianne H. Scholtens, and René S. Kahn
ABSTRACT
The human brain comprises a multiscale network with multiple levels of organization. Neurons with dendritic and
axonal connections form the microscale fabric of brain circuitry, and macroscale brain regions and white matter
connections form the infrastructure for system-level brain communication and information integration. In this review,
we discuss the emerging trend of multiscale neuroscience, the multidisciplinary field that brings together data from
these different levels of nervous system organization to form a better understanding of between-scale relationships of
brain structure, function, and behavior in health and disease. We provide a broad overview of this developing field and
discuss recent findings of exemplary multiscale neuroscience studies that illustrate the importance of studying cross-
scale interactions among the genetic, molecular, cellular, and macroscale levels of brain circuitry and connectivity and
behavior. We particularly consider a central, overarching goal of these multiscale neuroscience studies of human
brain connectivity: to obtain insight into how disease-related alterations at one level of organization may underlie
alterations observed at other scales of brain network organization in mental disorders. We conclude by discussing the
current limitations, challenges, and future directions of the field.
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The human brain comprises a hierarchical system of multiple
levels of organization. At the microscale level, genetic and
molecular processes shape the morphology and dynamics of
neurons and their synaptic connections, among countless
other crucial aspects of cell architecture and function. These
neurons and their local connections are the building blocks of
our nervous system; they connect into complex circuitry at the
micro- and macroscales, and in turn form the anatomical
infrastructure for neural communication and integration of
large-scale brain systems, a prerequisite for healthy brain
function and complex behavior (Figure 1). There is a long
tradition of examining all of these distinct scales in detail in
healthy and diseased conditions (1–10).

In recent years, there has been a growing interest in
examining potential associations between these different
levels of nervous system organization and addressing more
deep-rooted questions of how the distinct scales of nervous
system organization may be potentially related and interlinked.
These multiscale studies aim to provide a better understanding
of how biological processes at one scale of organization may
relate to—or, more strongly, may cause or shape—processes
at another level of organization of the human brain, and ulti-
mately their relationship to brain disfunction (Figure 1) (11).

One particular field of neuroscience that greatly benefits
from a multiscale view on brain structure and function is the
field of network neuroscience, which maps and studies the
elements and interactions of neurobiological systems from a
network perspective (12). From the microscale neuron to the
macroscale region level, at all scales of organization, con-
nectivity is a central element of nervous system architecture
and function. The comprehensive network of the elements and
ª 2019 Society of Biological Psychiatry.
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neural connections of the human brain is known as the human
connectome (13) or human brain network (14), and with a
growing availability of resources on both the micro- and
macroscale levels of brain network connectivity, researchers
have started to explore relationships among the genetic, mo-
lecular, and macroscale levels of human brain organization and
behavior, and importantly, their putative multiscale interactions
in disease conditions.

In this review, we discuss the upcoming field of multiscale
neuroscience, with a specific focus on multiscale associations
in brain connectivity in the context of mental disorders. We
begin with an overview of empirical findings suggesting mul-
tiscale relationships among the genetic, molecular, cellular,
and macroscale organization of healthy brain connectivity and
behavior. With these interactions in mind, we then discuss
multiscale findings in, among others, schizophrenia and
autism, as examples of mental disorders in which studies have
highlighted multiple cross-scale alterations to brain structure
and function. We discuss proposed mechanisms through
which micro- and macroscale properties of brain function and
disfunction may be related. We conclude with a discussion on
the current limitations and challenges of this field, together
with the opportunities and future of multiscale neuroscience for
biological psychiatry.

GENES AND MACROSCALE CONNECTIVITY

Twin-design studies (15) laid the foundation for showing a
genetic basis of intersubject variation in brain structure and
function, and set the stage for modern-day genome-wide as-
sociation studies to provide support for a polygenic basis of
intersubject variation in macroscale brain connectivity and
ISSN: 0006-3223
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Figure 1. Multiscale organization of human brain structure, function, behavior, and disorders. Selected examples of microscale, mesoscale, and macroscale
human brain organization and (dys)function, describing (from left to right) genes, brain cells (e.g., neurons in black [left], astrocytes in green, and microglia in red
shown in human cultivated cells [right]), cytoarchitecture, connectivity, systems, behavior and mental disorders. Modified with permission from van den Heuvel
and Yeo (11), with cytoarchitecture drawing modified with permission from Ramón y Cajal (127).
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network architecture (16). Collaborative efforts of large-scale
consortia (17) and global imaging genetics initiatives (18–20)
have started to create a detailed image of the genetic archi-
tecture of macroscale brain structure (21) and function (22,23)
and have highlighted a complex pleiotropic relationship be-
tween genetics and the macroscale organization of the human
brain network and its functional systems (16,24–26).

Availability of regional gene expression data of the animal
and human brain has recently further catalyzed the investiga-
tion of how microscale genetic processes may shape the
properties of meso- and macroscale brain connectivity
(Figure 2) (27): investigations combining gene expression data
with macroscale connectome data in the animal and human
brain have, for example, shown cortical regions connected by
large-scale white matter tracts to display high coexpression in
their genetic profile (28,29), suggesting a possible link between
the spatial distribution of gene expression in the brain and
corticocortical connectivity (28,30) (Figure 2). The dynamics of
system-level functional connectivity have similarly been
associated with the expression pattern of genes related to
long-term cellular potentiation and suppression (29,31). Other
examples of multiscale associations in the human brain include
observations that the expression profile of genes related to
synapse formation and synapse growth display large overlap
with patterns of cortical metabolic activity, and that the cortical
expression pattern of genes related to the organization of
supragranular pyramidal cells overlap with both the global (32)
and modular (33) organization of human brain resting-state
functional networks, together with the organization of under-
lying anatomical connections (34). Distinct macroscale func-
tional networks of the human cortex have been noted to
Biological Ps
display unique gene expression fingerprints (32), and a similar
principle of distinct brain areas to show unique genetic
expression profiles has been proposed for macroscale corti-
costriatal networks (35). As such, it is hypothesized that al-
terations in cortical gene expression profiles may play an
important role in disconnectivity in disease. We will return to
this central idea later in the context of a discussion of obser-
vations of multiscale findings in psychiatric disorders.
MICROSCALE CORTICAL STRUCTURE AND
MACROSCALE CONNECTIVITY

The microscale structure and cytoarchitectonic organization of
cortical regions and their microscale circuitry have also been
noted as key factors in shaping brain connectivity at the
macroscale. A long tradition of investigating the chemo-
architecture, cytoarchitecture, and myeloarchitecture of cortical
areas (5) has demonstrated large variation inmicroscale neuronal
cell type, size, and layer distribution across cortical areas. Mul-
tiscale studies combining information on the microscale organi-
zation of cortical areas with data on macroscale anatomical
connectivity have proposed strong micro-macro associations,
with the spatial overlap in cytoarchitectural organization between
brain areas described as one of the major driving factors for the
formation of corticocortical pathways (36). For example, animal
studies in mouse (37) and cat (38) have shown brain regions with
high cytoarchitectonic similarity to display stronger interregional
anatomical connectivity, suggesting that themicroscale neuronal
organization of cortical areas may form an important factor in
shaping large-scale anatomical connections of brain areas.
Similar micro-macro principles have been suggested to play a
ychiatry October 1, 2019; 86:512–522 www.sobp.org/journal 513
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Figure 2. Examples of multiscale gene-network
interactions in health and disease. (A) Gene profile
similarity (y-axis) to increase between nodes of
higher connectivity (x-axis), the highest for central
connected hub nodes in the nervous system (red) of
the roundworm. Modified with permission from
Arnatkeviciute et al. (128). (B) Clear overlap in
region-to-region macroscale connectivity (right
panel, red) and transcriptomic similarity in regional
gene expression profile (right panel, yellow) in the
mouse brain. Modified with permission from Vertes
et al. (33). (C) Enrichment analysis of gene expres-
sion profiles of genes related to long-distance con-
nectivity and intermodular hubs in functional
magnetic resonance imaging (MRI) networks in the
human brain. Significantly enriched Gene Ontology
terms are plotted in such a way that similar terms are
represented more closely to another. Modified with
permission from Richiardi et al. (29). (D) A significant
association between the cortical expression profile
of well-known risk genes for schizophrenia and the
pattern of macroscale disconnectivity in patients as
observed by means of diffusion-weighted MRI.
Those regions where schizophrenia risk genes are
most expressed are also those regions that show
the strongest reduction in macroscale brain con-
nectivity in disease conditions. Modified with
permission from Romme et al. (74).
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role in primate and human cortical wiring, with cytoarchitectural
similarity between brain areas proposed as an important factor
for the establishment of interregional anatomical pathways
(37,38) (Figure 3). Centrally connected associative regions are, for
example, noted to accommodate pyramidal neurons with a
complex neural architecture, with larger and more spinous neu-
rons as compared with primary regions (39); this type of neuronal
architecture is well suited for a hypothesized large computational
load of these regions (40).

Evidence for such a micro-macro relationship of brain
connectivity further comes from studies that linked microscale
properties to functional interactions between brain regions.
The neurotransmitter receptor density fingerprint of cortical
areas (5), determining a region’s internal balance between
microscale excitatory and inhibitory processes, has been
suggested to influence the baseline level of resting-state
functional connectivity of brain regions (41), the strength of
connectivity within their corresponding functional subnetwork
(42,43), and their regional functional dynamics over time (44).
Multiscale findings further suggest that the granular organiza-
tion of cortical regions may be associated to the type of
functional connectivity of an area, with more agranular regions
predominantly involved in internetwork communication and
granular regions more involved in intranetwork functional
connectivity (45). Likewise, myeloarchitectonic similarity has
been linked to both the topological and spatial organization of
macroscale functional systems (46).

GENES, NEURONS, MACROSCALE CONNECTIVITY,
AND BEHAVIOR

A particular goal of multiscale studies is to examine how
many of these different scales of nervous system organization
finally relate to human behavior (Figure 1) and, in particular, to
514 Biological Psychiatry October 1, 2019; 86:512–522 www.sobp.org
alterations in behavior in disease. Genetic association
studies, for example, are founded on the notion of linking
individual variation in genetics to variation in behavioral traits,
with studies combining genetic and cognitive measurements
providing insights into how microscale genetic variation re-
lates to individual differences at the macroscale level in in-
telligence (47) and social behavior (48). Combined with other
forms of genetic study designs, these studies provide a vital
contribution in our understanding of how variation at the
microscale genetic level may lead to clinical and preclinical
abnormalities in human behavior [e.g., (49–51)]. Combining
gene expression data with data on brain regions of specific
functional systems may provide further insight into the link
between genes and complex behavior, as, for example,
illustrated by multiscale studies combining gene expression
with data on the cortical layout of cognitive networks (32).
Although less common, multiscale examinations may also
involve the combination of human behavioral data with
microscale neuronal data. Examples of this include multiscale
studies that combine individual data on cortical cellular
architecture with cognitive data, linking, for example, indi-
vidual variation in human pyramidal neuronal organization and
cognitive functioning (52).

MULTISCALE EFFECTS IN DISEASE

Anatomical and functional multiscale studies thus suggest that
distinct organizational levels of the human brain are not inde-
pendent, but rather that they share multiple architectural simi-
larities. These findings naturally lead to the question of whether
(and if so, how) changes at one level of organization relate to
alterations in one or multiple other levels of brain organization.
Technological advances in neuroscience have provided
/journal
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Figure 3. Examples of multiscale neuron-brain
network relationships in health and disease. (A)
Properties of macroscale connectivity in the ma-
caque brain (higher-connected regions located in the
core [red]) related to aspects of microscale neural
organization (here, higher neuron density shown in
grayscale). Modified with permission from Beul et al.
(129). (B) The spatial overlap between macroscale
functional hubs and cellular pathology (amyloid-b
[Ab] deposition) in Alzheimer’s disease (upper panel)
with a high correlation between brain-wide amyloid-b
deposition levels across the entire cortex (lower
panel). Modified with permission from Buckner et al.
(60). (C) The relationship between differences at the
microscale level of organization (% difference in
spine density of cortical regions [y-axis], colors on
the cortex indicate regions in which spine density
was accumulated across literature) and macroscale
disconnectivity (% change) as measured by means
of diffusion-weighted magnetic resonance imaging
(DWI) in schizophrenia. Modified with permission
from van den Heuvel et al. (82).
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promising progress in studying the genetic, cellular, and
macroscale aspects of brain alterations in psychiatric and
neurological brain disorders, but most of this empirical work so
far has been focused on examining effects on one scale of brain
organization at a time.

For example, twin studies and large-scale genome-wide
association studies have shown a strong genetic component
of schizophrenia (15,50), while studies into the molecular and
cellular mechanisms of the disorder have identified synaptic
reductions of pyramidal neurons in associative cortical areas
as one of the key aspects of the disorder (53,54). Macroscale
neuroimaging studies in turn have identified large-scale volu-
metric differences in cortical structure (55), anatomical dys-
connectivity (56–58), and affected functional network
organization (59) in patients. Such observations can be made
for a wide range of brain disorders, with studies—generally
focusing at a single observational scale—showing alterations
at the genetic, microscale, and macroscale levels of brain
organization.

A natural next step is to bring disease-related findings
together and examine potential multiscale relationships in the
biological background of psychiatric and neurological disor-
ders. Buckner et al. (60) were some of the first to report on a
voxel-to-voxel relationship between global macroscale func-
tional brain connectivity (functional magnetic resonance im-
aging [MRI]) and regional levels of microscale positron
emission tomography amyloid-b deposition in Alzheimer’s
disease and mild cognitive impairment. Most pronounced
microstructural effects in the disorder were found to be located
in the most densely connected areas of the brain in terms of
functional interactions at the macroscale whole-brain level
Biological Ps
(60,61) (Figure 3). A proposed underlying mechanism for this
multiscale observation is that highly connected association
areas of the brain are biologically costlier than peripheral pri-
mary areas in terms of their rate and complexity of neuronal
processing and related high metabolic demand, placing high
demand on the local microscale cellular infrastructure of these
areas (60,62). This micro-macro interaction may result in larger
wear and tear of these regions, ultimately rendering these
areas more vulnerable to disease processes.

As mentioned, schizophrenia likewise includes alterations at
the genetic, cellular, molecular, and macroscale levels of brain
organization. Multiscale investigations into the disorder have
argued that these processes are not independent and hy-
pothesize that these observed alterations could represent a
potential continuum of effects across scales. Genetic risk for
schizophrenia (63) and bipolar disorder (64,65) have, for
example, been observed to be associated with individual
variation in brain function, connectivity (66,67), and cognitive
performance (68), as well as global brain structure (69,70). This
suggests a potential relationship between a genetic risk for the
disorder and alterations to macroscale brain organization,
function, and behavior, although direct associations between,
for example, brain volume or white matter integrity and a
genetic risk for psychosis have yet to be established (71,72).

Disease-related macroscale alterations to brain structure
and function may alternatively relate to the spatial distribution
of where in the brain certain risk genes become mostly
expressed. Multiscale studies combining gene expression data
with data on changes in macroscale brain connectivity have,
for example, noted substantial overlap between the pattern of
where in the brain multiple genes related to a brain disorder
ychiatry October 1, 2019; 86:512–522 www.sobp.org/journal 515
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may be preferentially expressed and the pattern of changes in
brain connectivity observed in patients. Other examples of
such a genetic-macroscale connectivity relationship include
studies that describe the cortical pattern of expression of
schizophrenia risk genes across cortical regions to show
considerable overlap with the pattern of macroscale differ-
ences in cortical thickness (73) and brain connectivity (74)
(Figure 2), effects also observed for genes related to bipolar
disorder (74,75), Parkinson’s and Alzheimer’s disease (76,77),
and Huntington’s disease (78). Brain regions showing white
matter loss in Huntington’s disease, for example, have been
noted to display gene expression profiles enriched for synaptic
and metabolic genes (79), suggestive of disease-related pro-
cesses to simultaneously manifest at different levels of brain
organization.

Such findings are consistent with the earlier discussed
observation of genes enriched in supragranular layers of the
cortex to be central factors in the formation of corticocortical
connectivity (32), cortical layers that are argued to play a
central role in the pathophysiology of schizophrenia (53,80,81).
In further support of a multiscale interaction, the extent of
synaptic reductions in supragranular pyramidal neurons across
cortical regions has been suggested to relate to the pattern of
macroscale corticocortical disconnectivity in patients (82), with
regions with the largest reduction in spine density to display
the largest reduction in macroscale connectivity (Figure 3).

Another illustrative example of a multiscale perspective of
mental conditions comes from multimodal studies in autism.
Genes associated with autism spectrum disorder, for example,
have been found to be enriched in neurons involved in inhibi-
tory neuronal processes (83), a type of neuronal circuitry
argued to be disturbed at the macroscale level of brain orga-
nization (84,85). Risk genes for autism spectrum disorder (86)
contribute to variation in cortical thickness and connectivity
in patients (87) and are suggested to be particularly dysregu-
lated in cortical areas of patients (87,88).
PRINCIPLES FOR MULTISCALE ASSOCIATIONS

Empirical observations of several links among the genetic,
cellular, and macroscale attributes of brain organization thus
suggest that the different scales of organization of the human
brain are likely not independent from each other, but rather
harbor several important multiscale interactions. A central
theme across these studies is that the spatial location of where
in the brain particular alterations (e.g., genetic, molecular,
neuronal, or macroscale) occur may convey alterations to one
or more other levels of brain organization.

Several underlying mechanisms of such a micro-macro
relationship have been proposed (11). A first proposed mech-
anism is based on the notion that macroscale organizational
features can result from an accumulation of microscale
neuronal features, creating a continuous association between
scales. Patterns of macroscale brain connectivity may result
from a step-by-step accumulation of “Lego-like building block”
properties of neuronal microscale circuits (89) (Figure 4A). As a
result, modifications at the microcellular scale may accumulate
to alterations in connectivity at the meso- and macroscale
levels of nervous system organization.
516 Biological Psychiatry October 1, 2019; 86:512–522 www.sobp.org
Attributes of microscale cortical organization may also
influence macroscale organization by applying large-scale
spatial constraints on global structure and function (90). An
example of such a mechanism is proposed by the tethering
hypothesis (90), which suggests that molecular gradients,
together with thalamocortical activity early in development,
form cortical tethers that shape sensory hierarchies across the
cortical sheet, posing a strong constraint on primary regions
located near the anchor point, while more distant association
areas are relatively untethered. This micro-macro relationship
has been suggested to relate to a potential increased vulner-
ability of these “untethered” areas to mental disorders (90).

In many dynamical systems, however, local properties are
not as easily translatable to aspects at other scales of orga-
nization, making most macroscale organizational attributes not
trivially interpretable as an accumulation of features from
smaller organizational scales (11). A less trivial proposed
mechanism of micro-macro associations is one in which one
scale places constraints on the organizational degrees of
freedom of another scale of organization. Cyto- and mye-
loarchitectural similarity has been suggested to be an impor-
tant guiding factor in the formation of interregional
corticocortical connectivity (36,37). These observations have
led to the suggestion that macroscale structural and functional
connections may be formed according to a “similar prefers
similar” wiring principle (91), in which regions sharing similar-
ities in their organizational features (e.g., follow the same
developmental trajectory, show high gene coexpression, share
the same cortical type, display similar macroscale morpho-
logical properties) have a higher tendency of becoming
anatomically or functionally connected and take part in the
same circuitry and brain functions (Figure 4B).

The other way around may also be the case. The macro-
scale organization of the human brain network may play an
important role in where in the brain cellular alterations may
start and how they may subsequently spread to other brain
areas (92). The modular organization of the human brain
network, for example, has been argued to initially constrain
region-to-region spreading patterns of disease pathology at
the cellular level in various neurodegenerative disorders
(60,92). These theories suggest that the macroscale organi-
zation of the human brain network may similarly have an effect
on the microscale properties of brain function and, conversely,
dysfunction.

An additional micro-macro mechanism may include the
existence of similar principles governing the organization of
connectivity at different levels of brain organization. Con-
nectome studies have noted that microscale, mesoscale, and
macroscale networks share many similar network attributes.
Such features include a general tendency to form local circuits
and specialized functional and structural modules, combined
with a drive to invest in network attributes that bring topolog-
ical integration like the formation of short communication paths
and centrally connected hub regions (see Figures 4C and 5).
These network attributes are, for example, observed across
micro- and mesoscale cellular networks and circuitry [e.g.,
(93–95)], as well as in macroscale brain networks derived from
neuroimaging and tract tracing experiments (96,97). The
presence of similar network attributes at all of these distinct
levels of brain organization argues for potential common
/journal
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Figure 4. Examples of multiscale principles of brain organization. (A) A suggested principle of a step-by-step accumulation of microscale building blocks to
create a continuous association between microscales (left) and macroscales (right) of brain organization (89). Examples of wiring building blocks (top) are
depicted in yellow, green, and blue. (B) The similar-prefers-similar principle of regions with an overlapping genetic and/or cytoarchitectonic layout to have a
higher probability of being connected at the macroscale level of brain organization. (C) The notion of networks across multiple scales of brain organization to
depict similar organizational principles, showing the notion of the existence of hubs (red) across multiple scales of brain organization, ranging from the neuronal
scale (left) to the macroscale level of brain organization (right).
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principles of connectivity that govern both micro- and
macroscale neural network connectivity, and as a result, one
might argue that disease-related alterations to these common
principles of connectivity may be manifested at multiple scales
of brain organization at the same time (10).

It is important to mention that all such principles are likely
under continuous modulation by environmental experience,
behavior, and development. The frameworks discussed are
necessarily abstractions of these intricate and intriguing in-
teractions that characterize the naturalistic formation and
functioning of the complex system that is the brain [for detailed
reviews of this topic, see also (98,99)]. Development-related
shifts, for example in gene expression, have a strong influ-
ence on both the developmental trajectory of the cytoarchi-
tecture of cortical regions (100) and the developmental
trajectory of macroscale brain structures (101). This argues for
the existence of distinct differential developmental time win-
dows for processes on both the microscale (e.g., cellular
proliferation, migration, elimination [for review, see (102)]) and
macroscale [e.g., myelination of large axonal pathways (103)
and/or functional systems (104)] levels of brain organization,
time windows that likely modulate or even introduce cross-
scale relationships and similarities. Observations of alter-
ations at multiple scales of brain organization in autism have,
for example, led to the proposal of these alterations to relate
back to simultaneous modifications at several anchor points in
the neurodevelopmental timeline (105).
LIMITATIONS, CHALLENGES, AND FUTURE
PERSPECTIVES OF MULTISCALE NEUROSCIENCE

The current state of multiscale neuroscience is that the field is
still in its infancy. The field is limited by the methods and data
used, many of which prompt opportunities for future
developments. An important methodological aspect is that
today’s multiscale research involves a (pragmatic) shift away
from studying the “individual” toward the examination of “brain
regions and their connections.” Traditional biopsychiatric
research usually involves the examination of interactions
Biological Ps
between multiple layers of data by examining different sources
of information collected in the same subjects, with, for
example, genotypic and neuroimaging data linked together by
the individual. In contrast, many of the studies reviewed in the
present article are based on large-scale data collations of
different data resources acquired across different individuals—
for example, the cortical gene expression data from the Allen
Human Brain Atlas (27), cytoarchitectonic data from historical
brain atlases (106), and group-based macroscale MRI data of
the Human Connectome Project (107). Cross-scale relation-
ships are studied by bringing these different resources
together in a common reference space, with cross-scale
interactions examined across cortical regions, rather than
across individuals. In addition, while we can call many of the
examined datasets, without any hesitation, big data, the
datasets are often based on relatively small sample sizes. With
many of the described data resources highly complex and
expensive to acquire, there are not yet many comparable
replication sets available for the majority of the data resources.
The lack of validation and reuse of the same datasets across a
rapidly growing number of studies may limit long-term gener-
alization and interpretability of the discussed multiscale as-
sociations. An additional resulting limitation of this paradigm
shift is the inability to examine individual variation in multiscale
relationships and their relationship in individual patients. The
cross-sectional nature of the field leaves multiscale studies to
make conclusions primarily on the basis of observed correla-
tions and associations, without being equipped to address
causal interactions between scales. In addition, the collative
character of the discussed multiscale studies does not easily
address differences in data quality and differences in signal
properties between datasets.

An additional challenge that is so far often ignored in mul-
tiscale neuroscience research is the chronological nature of
effects. The majority of the discussed multiscale studies—
including both individual and collated data—are cross-
sectional and thus limited in the sense that they do not pro-
vide insight into the developmental or longitudinal character of
multiscale associations. Many disease-relevant mechanisms
ychiatry October 1, 2019; 86:512–522 www.sobp.org/journal 517
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Figure 5. Several network attributes have been suggested to be present across multiple different scales of brain organization. One of such properties is the
existence of densely connected hub elements within a network. Dense connectivity and hubs are observed across several levels of organization, ranging from
microscale coexpression and protein-protein interaction networks to neuron-to-neuron connectivity and mesoscale and macroscale region-to-region brain
networks, with dense connectivity and hubs at all these scales describing network elements that occupy a central and critical position in the network. Panels
show a few empirical examples of dense elements and hubs across scales (from left to right): differentiating gene-gene expression of hub genes in autism (130)
(first panel); essential protein-protein interactions in protein-protein interaction networks (131); hub neurons in the hippocampus (132) that are connected to
many other neurons and argued to play an important role in critical processes of establishing neuron network organization (94) and, for example, orchestrating
large-scale network dynamics (second panel); hub subareas in the mesoscale mouse connectome (third panel); and hub regions in the macroscale human
connectome (left, fourth panel) and their dense level of rich club connectivity (right, fourth panel), argued to include key features of macroscale brain orga-
nization and be central for establishing efficient global communication (133), dynamics (134), and information integration (135); and dense symptom networks
[conceptualizing psychiatric disorders as complex dynamic systems of mutually interacting symptoms (136); colors depict different disorders, nodes express
different symptoms] (fifth panel). The shared central position of dense connectivity and hubs across all scales of brain organization has led to the hypothesis of
such hubs to include general vulnerable elements of nervous system organization, making them common players in a wide range of mental disorders at
multiple levels of organization. Hubs have, for example, been hypothesized to have a greater-than-average susceptibility to disease processes at the protein
(137,138), microscale neuronal (139), and macroscale brain (7,10,62) levels. ACA, anterior cingulate area; m1, midbrain; ORB, orbital area; p1, pretectum; p2,
thalamus; p3, prethalamus; PTLp, posterior parietal association areas; Strp, caudate nucleus. Modified with permission (left to right) from Pramparo et al. (130),
Bonifazi et al. (132), Rubinov et al. (140), van den Heuvel and Sporns (141,142), and Boschloo et al. (143).
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likely begin years before the disease manifests itself clinically
[e.g., (108,109)] and progress over time. Examining the chro-
nological dimension of disease effects is challenging for any
field, but it is particularly so for multiscale research, in which
trajectories of within-subject changes from different datasets
are even less straightforwardly mapped upon each other.

Multiscale brain studies greatly benefit from a growing
availability of open datasets, which allows for establishing
unique combinations across different levels of brain organi-
zation. The discussed Allen Human Brain Atlas, for example,
provides a unique data resource of (among other data) human
gene expression levels at the whole-brain level (27), and
datasets like the open Big Brain (110) otherwise allow for a
unique comparison of cytoarchitectonic features to macro-
scale brain connectivity (111). Large-scale data frameworks
such as PsychENCODE (112) that have the aim of linking
molecules, genes, and regulatory elements to higher-order
levels of biological complexity are of crucial importance to
obtain deeper understanding of the multiscale organization of
the human brain from gene to cell to behavior (113,114) in
health and disease. Further combining of such data with
detailed resources on transcriptional mechanisms of multiple
stages of brain development, as provided by, for example, the
BrainSpan database (115), provides important new avenues of
examining the multiscale basis of neurodevelopment and
neuropsychiatric risks (116). Cognitive neuroscience has
further started several undertakings to provide ontologies of
cognitive functions by meta-analysis of structural and func-
tional MRI results and to systematically map these functions
(and disease-related alterations) onto brain regions (117–119).
These large-scale databases can be easily queried and com-
bined with neuroscientific data from all levels of brain organi-
zation. New datasets describing multiscale data for the same
set of individuals (and in particular in patients) would be of
particular value to the field. Psychiatric brain banking by
518 Biological Psychiatry October 1, 2019; 86:512–522 www.sobp.org
specialized brain tissue banks that focus on the collection of
multiscale data of psychiatry patients represents an important
step in making such investigations feasible in the near future
(120).

Nonhuman animal investigations are of great importance in
investigating multiscale associations of disease, in particular to
provide insight into causal relationships between scales. Ex-
amples of such multiscale studies include the combination of
DREADDs (designer receptors exclusively activated by
designer drugs) with functional MRI in the mouse, allowing for
a detailed examination of how macroscale patterns of func-
tional connectivity networks are influenced by specific
neuronal and synaptic activity at the cellular level (121). Future
comparative multiscale neuroscience studies, examining
commonalities and differences in multiscale principles across
species [e.g., (122,123)], may provide an important trans-
lational link between animal and human neuroscience in health
and disease.

While this review is focused on highlighting multiscale
principles of nervous system organization, we end by
mentioning that complementary insights may be gained from
pinpointing where patterns of different scales of brain organi-
zation potentially diverge. Alterations at one level of organi-
zation may not always automatically translate to changes at
other scales of brain organization; mechanisms of resilience
may, for example, restrict these processes. Alterations at one
level of brain organization may be counteracted by compen-
satory mechanisms at another level, providing resilience to
disease effects. Empirical examples of this include macroscale
MRI examinations that have suggested that attributes of
macroscale connectivity may act as protective factors for the
development of bipolar disorder in individuals who carry a
genetic risk but have not developed the disorder (124). Further
support for one level of brain organization to provide resilience
to disease processes at another level may come from patient
/journal
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studies showing an interaction between reserve to cognitive
decline and microscale white matter lesioning. Patients who
display certain organizational properties of their macroscale
network—argued to be related to a larger cognitive reserve
(125)—appear to be able to accrue higher levels of age-related
microscale white matter lesioning without showing effects of
cognitive decline (126). Such observations suggest that one
level of brain organization could potentially compensate for
alterations occurring at another level of organization. Future
studies examining such potential multiscale principles of
resilience may provide new insight into how disease effects
may or may not translate across scales.

With our review, we hope to discuss some of the challenges
and opportunities of the new field of multiscale neuroscience
and highlight the importance of examining multiscale re-
lationships of brain organization in mental brain disorders.
Combining information on alterations in brain connectivity at
the genetic, cellular, circuitry, and macroscale connectome
levels sheds new light on the biological cause of mental brain
disorders, placing disease-related differences in brain con-
nectivity into a continuum of effects across multiple scales of
brain organization.
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