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ABSTRACT

Modern neuroscience understands the brain as a complex system whose functional properties
are determined by the myriad of interactions of its cellular components. In the difficult route to
obtain better understanding of this organ, mathematical tools have become ever more
effective, and we are now able to simulate the dynamics of brain signals from digital
representations that have high fidelity to experimental data. However, these simulations are
generated by inherently simple neuronal models that contain assumptions that, by necessity,
can be at times far removed from the underlying neurobiology. Here, we develop an integrated
view of brain dynamics that describes how the neurovascular units—made of neurons,
capillaries, and glia—collectively determine the development of the functional properties of
brain neuronal populations and maintain their homeostatic control. These interactions are
instructed by genetic programs modulated by local environmental conditions. These
complexities can be integrated into generative models and supply helpful analytics able to link
the observable data to neurobiological entities if detailed brain mappings of molecular and
cellular components are available. We further highlight how the development of these
generative models could be relevant to the understanding of psychiatric conditions.

PREMISE

Modern neuroscience understands the brain as a complex organ—an ensemble of billions of
units that receive sensory signals from the environment and produce adaptive behavioral out-
puts as the result of a myriad of cellular computations taking place at various spatial and tem-
poral scales (Barabasi et al., 2023; Brynildsen et al., 2023; Turkheimer et al., 2022). However,

920z AInc Lz uo 3senb Ag 4pd 885 "€ "UIdU /¥T¥.6G2 /88S "8 NLIN /Z9TT "OT / 10p /4pd -2 [ 1} 4€ /U IdU /NP "} W " 3084 1p//:d 11y WO 14 papeo juwog


http://crossmark.crossref.org/dialog/?doi=10.1162/NETN.a.588&domain=pdf&date_stamp=2026-7-14
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
https://doi.org/10.1162/NETN.a.588
mailto:federico.turkheimer@kcl.ac.uk

The neurobiological complexity of brain dynamics

Mesoscopic:

It refers to a scale of measurement or
analysis that sits intermediate
between the microscopic (atomic/
molecular) and macroscopic (bulk/
visible) worlds.

Criticality:

In complexity science, it describes
the state of a complex system poised
at a phase transition boundary
between order and disorder. At this
“edge of chaos,” systems exhibit
optimal information processing, high
adaptability, and scale invariance
(power laws), meaning small triggers
can cause massive, unpredictable
ripple effects.

Metastability:

Refers to a transient state where a
system remains trapped in a
nonequilibrium configuration,
mimicking stability before eventually
transitioning to another state. It
represents a delicate balance
between order and chaos, allowing
systems to be robust yet flexible,
often acting as a “saddle-like” point
that slows down change rather than
trapping it permanently.

Small-worldness:

Refers to a network structure where
most nodes are not neighbors but can
be reached from any other node
through a small number of steps,
combined with high local clustering.

The neurogliovascular:

unit is a functional, multicellular
complex in the brain composed of
neurons, glial cells (astrocytes,
microglia), and vascular cells
(endothelial cells, pericytes).
Together, they regulate cerebral
blood flow, maintain the blood-brain
barrier, and support brain
homeostasis.

Network Neuroscience

scientific narratives that embrace this inherent complexity face a peculiar challenge, as efforts to
build up from a comprehensive understanding of the biology and physiology of its cellular com-
ponents often happen to need additional elements (e.g., computational models of particular sub-
systems) to properly account for higher levels of the organ, as scaling up from cells to populations
and to systems is highly nontrivial ( ; ;

). Fortunately, important insights about how the brain operates at mesoscopic and macro-
scopic levels have been recently gained by analyzing its functioning as a dynamic system
( ). In this framework, the four concepts of connectivity, computation, criticality,
and coherence—the 4Cs—have been widely used to characterize brain’s functionality in terms
of its workings as a network, its capability to process information, its ability to switch rapidly
across multiple states, and its capacity of transferring signals through dynamic modes of syn-
chrony ( ; ; ). These research
efforts have led to the hypothesis that healthy brain function depends on the balancing of two
tendencies: stable integration between brain areas for effective coordinated functioning and
segregated processing within these same neuronal subsystems to utilize their functional special-
ization ( ; ). This unique signature has often been described as
“metastability.”

In previous work, we have reviewed the theoretical foundations and the empirical obser-
vations that have brought metastability to the fore of the neurosciences ( ).
Complementing this work, here, we investigate the biological underpinnings of such dynamic
signature, which, so far, have been lacking a consistent, unified account. Indeed, not only
metastability may be achieved via different mechanisms of varying levels of abstraction but,
as we will see, even computational models with biological plausibility can be heavily depen-
dent on parameter values and initial conditions to achieve a dynamical behavior that success-
fully matches the observed brain dynamics ( ;

; ; ). These facts lead to a natural
question: How does the brain attain and subsequently stay into metastable regimes?

Here, we propose that metastability is supported by two key properties, the small-worldness
of structural and functional elements and the excitation-inhibition balance. Crucially, we
argue that these properties can only be properly understood when put together within the neu-
rogliovascular system. We discuss the limited extent to which features of the neurogliovascular
system are accounted for by current computational models, and avenues to improve this in the
future. We also explore the potential role of neurogliovascular features on psychiatric condi-
tions, and their potential to improve diagnosis and treatment.

PRELIMINARIES

When investigating the origins of metastability, a natural approach is to study computational
models of brain activity, starting with basic simulations of individual neurons and then moving
up-scale to neuronal populations and networks. In this process, because of the limited number
of parameters one can include into a computational model before it becomes intractable,
details are progressively lost and new macroscopic features may be introduced (

).

As between-neuron communication seems to be the principal determinant of brain dynam-
ics, a good starting point for a computational model of the brain may be the generation of
action potentials. The mechanism of this flow of ions was first explained by the influential
Hodgkin-Huxley equations where the electrical current of the equivalent circuit is described
by four differential equations that incorporate membrane capacity and the gating variables of
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Emergent phenomena:

Complex, large-scale patterns or
behaviors arising from the simple,
collective interactions of many
smaller parts in a system. These
properties are novel, often
unexpected, and cannot be predicted
merely by analyzing the individual
components, illustrating that the
whole is greater than the sum of
its parts.

Fractals:

Complex, never-ending patterns that
repeat themselves at different scales,
known as self-similarity. These
structures, where the part mirrors the
whole, are formed by repeating
processes in nature like growth,
erosion, or branching.

Network Neuroscience

the channels ( ). However, when the same model has to be scaled up
to population level, for realism, the multiple neuronal types present in the brain may need to
be considered, which then requires some form of simplification for each neuron dynamic to
avoid overparameterization. For example, Izhikevic and Edelman’s (

) whole cortex model used up to 22 different pyramidal and inhibitory interneurons,
but adopted a simplified mono-equation dynamic that only modeled firing rates (as opposed
to ion currents). This model can demonstrate several emergent phenomena such as self-
sustained spontaneous activity, chaotic dynamics, and avalanches, alongside oscillatory activ-
ities like those in the human brain. The model is, however, very sensitive to the firing-rate
parameter settings and to the structural distribution of neuronal populations that, in this real-
ization, was obtained from diffusion tensor images of adult subjects (please see next section)
( ). Hence this modelling approach is faced with two funda-
mental questions: how does the brain get into its specific morphology and how does it main-
tain its homeostatic conditions.

Populations and Networks

Contemporary neuroscience understands brain function in health and development, aging and
disease, as emerging from widely distributed interactions of its units within and between
spatial scales (cells, populations, anatomical regions, etc.) that may be conceptualized as
networks ( ; ; ). Following this per-
spective, a natural question is to inquire about how these networks give rise to metastability,
and which are their key properties in allowing this.

Simulation studies have convincingly demonstrated that the emergence of metastable dynam-
ics is contingent on the pattern of interactions between the modules of a system (

; ; ; ; ). In particular, dynamic
patterns of functional connectivity consistent with metastable dynamics have been observed to
emerge when coupling (structural and functional) has “small-world” properties. Small-world net-
works ( ) are sets of nodes, or vertices, that are well connected such that
neighboring elements form highly connected clusters. These clusters are linked to the other dis-
tant ones by a smaller number of longer links so that the number of jumps between any two of
the vertices in the network is small (e.g., they have short-path lengths). Note that small-world
networks may emerge from underlying self-similar (e.g., fractal) morphology at finer scales
( ). A number of previous investigations have demonstrated self-similar prop-
erties of neuronal dendritic branches, which hold across a number of scales for each measure-
ment ( ; ; ; ;

; ; ).

Given the above, networks of anatomical connections derived from the human connec-
tome data, that indeed possess small-world properties, have been incorporated within compu-
tational simulations of large-scale neural dynamics to demonstrate metastable properties of
brain function ( ; ; ;

; ; ). Empirical studies have then
demonstrated that disruption to small-world brain networks is associated with neurodevelop-
mental and neurodegenerative disorders as well as brain injury ( ;

; ; ; ).

However, little is still known about the mechanisms driving such specific morphological
architecture. Models put forward so far mirror the economy principle expressed by Ramén
Cajal more than a century ago who proposed that neuronal morphology optimizes wiring
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(metabolic) costs (Ramon y Cajal, 1899); the underlying mechanism of network optimization
has been characterized as evolutionary, hence stemming from genetic control either gener-
alized across the brain or adapting to the local cellular composition (Akarca et al., 2021;
Arnatkeviciute et al., 2021; Bassett & Bullmore, 2017; Bullmore & Sporns, 2012; Libby et al.,
2017; Muldoon et al., 2016; Oldham et al., 2022; Vértes et al., 2012).

We propose here that the assumption of complete genetic control of the development of small-
world neural networks is not very plausible (Bremermann, 1963; Duclos et al., 2019). Indeed, the
number of genes in the genome correlates almost linearly with the number of cell types in the
various organisms, but it is far too low to code for the regulation of the interactions across all their
elements (Kauffman, 1991). Hence, a more likely assumption is that genetic programs may be
activated or suppressed by local interactions, for example, cell-to-cell information exchanges
via epigenetic, hormonal, metabolic, chemical, and electrical mechanisms that ultimately control
cellular differentiation and biological function; this interconnected set of relation is generally
referred to as the “physiome” and is described in detail in The Complexity of the Determinants
of Brain Dynamics section (Bassingthwaighte, 1992; Duclos et al., 2019; Hunter & Borg, 2003;
Lindenmayer, 1968). In other words, brain network structures emerge from the complex interac-
tions between the genetic coding of each cell and the local functional interactions among cells;
note that the term “interaction” is used here instead of the term “causation” as causation in com-
plex systems very often works both ways and the elements are generally difficult to disentangle in
their dynamic evolution. For more on this topic, please see Turkheimer et al. (2022).

Excitation-Inhibition Balance

A second key aspect of the emergence of brain dynamics is the combination of small-world
networks with an appropriate balance between excitatory and inhibitory activities within the
neuronal populations (Castaldo et-al., 2023; Poil et al., 2012; van Vreeswijk & Sompolinsky,
1996), which we revise now.

Cellular units made by a pair of glutamatergic pyramidal (e.g., excitatory) and GABAergic
(e.g., inhibitory) neurons constitute the canonical generators of brain signals (Turkheimer et al.,
2015). The inhibitory action dampens spike-trains and morphs them into oscillations with fre-
quency dependent on the feedback delay (Buzsaki & Wang, 2012) (Figure 1).

MICRONETWORK MOTIFS

Feedback/Recurrent inhibition Feedforward inhibition Lateral inhibition

o—<79—< 0<0©00< ©

< Excitation

—O Inhibition

o9
S o )

Figure 1. Alternative architectures of elementary feedback systems that enable the generation of fast frequency waves, the building blocks of
brain functional connectivity. Excitatory units are constituted by pyramidal cells while inhibitory cells are GABA interneurons.

Network Neuroscience
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For example, parvalbumin basket cells are activated by the excitatory signal transmitted by
the paired pyramidal neurons and feedback negatively on the nucleus of these units with a
delay of ~20 ms, generating waves with a gamma power of 50 Hz ( ;

). Besides feeding back to the neurons they are coupled with, the same
GABA interneurons also reach out to the inner part of the neuronal columns or project to the
surrounding columns dampening the activities therein so that the traveling oscillations become
three-dimensional wave fronts ( ; ). These
oscillatory fronts are the binding mold that allows the synchronization of local neuronal
ensembles but also, as they travel through distances in the brain, combine to generate slower
waves that facilitate spatial synchronization across larger sections of the cortex (

).

The basic cellular mechanisms described above support the use of mathematical oscilla-
tors as realistic models of brain functional units; these can be used at any scale, from the
cellular to the regional to the population ( ; ). Hence, one
key aspect of the maintenance and propagation of signals in brain networks is the tight
balance of excitation and inhibition within neuronal populations across scales. For example,
in sensory cortical neurons, an increase in synaptic excitatory activity is followed closely by
a concomitant increase in inhibitory conductance ( ;

). A tight balance between synaptic excitation and inhibition is also observed during
spontaneous network oscillations at rest ( ;

; ).

Excitation-inhibition (E/I) heterogeneity across the brain and its apportioning of neuronal
excitatory and inhibitory populations can be included into generative models (

; ; ). Homeostatic conditions across the whole
synaptic functional repertoire can also be achieved by adding to the model a plasticity
component, for example, the possibility of slight local variations in excitatory and inhibitory
ratios ( ; ; ;

g ; ). These models have
been able to demonstrate self-tuning mechanisms that work on the system at rest but allow
sufficient plasticity to remap sensory representations of new sets of stimuli ( ;

; ).

However, these attempts to biological fidelity are achieved by rules that are dependent on
initial conditions, such as an appropriate ratio of GABA versus glutamatergic neurons, and on
the hand-tuning of model parameters; importantly, with a few exceptions (

; ), they do not necessarily reflect cellular specific
mechanisms.

From Small-World and E/I Balanced Networks to Metastability

The material above has reviewed two key aspects of the generative models used in the sim-
ulation of brain dynamics—that is, the structure of the networks (e.g., small worlds) and their
homeostatic control (e.g., E/I balance). In this section, we demonstrate how these two prop-
erties are important determine the transient states of dynamic connectivity that we have pre-
viously defined as metastability.

In order to elicit metastability, let us first note that the network needs some form of modularity.
To see this, let us consider a toy example with three nodes—denoted by A, B, C—generating
oscillatory activity. Let’s assume that B is the “hub” node, being connected to A and C, while A
and C are not directly connected but, upon some general conditions, their connection to B
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allows an in-phase quick synchronization ( ; ).
Under these conditions, the addition of any additional input into nodes A and C can easily “frus-
trate” the existing state of synchrony, so that the nodes A and C may then proceed to establish
novel synchrony states using another hub node as pivot. The preferred state of B as a hub for
A and C prevents immediate system-wide synchronization and allows the occasional return of
A and C to the original functional state. This dynamic state of affair can be repeated across
space and across scales wherever these motifs are implemented in a modular structure com-

prising a hub and two communities ( ; ). The
resulting synchronized states equilibrate at frequencies that depend on the distances and the
oscillatory states of the units of the motif ( ; ).

This supports the idea that a small-world structure with distinctive neuronal hubs across scales
may be suitable to induce metastable states to be formed across the swath of brain space.

At the same time, for the motifs to be reliably repeated across space and time, the neuronal
masses should be able to maintain their oscillatory activity notwithstanding a wide envelope of
potential synaptic inputs as well as plastic adaptations necessary to brain development and
function. Theoretical work has determined that, to maintain such robustness, a stable
excitation-inhibition ratio based on strong excitatory and inhibitory currents internal to the
oscillatory unit and stronger than any external input may be required (

; , ).

THE COMPLEXITY OF THE DETERMINANTS OF BRAIN DYNAMICS

Building on the considerations outlined above, here, we posit that to build generative models
that properly account for the brain’s biology, we may need to consider the whole cellular rep-
ertoire of the tissue. This view poses substantial challenges, as each simulation is limited by the
limited number of parameters that simulations can be consider at any one time. Accordingly, it
is crucial to keep in mind that neural models bring with them a set of conditions related to
non-neuronal determinants—which holds true even when neuronal only models are consid-
ered. In the sequel, we provide evidence that:

A. The development of small-world neural networks can be understood in the context of
their interactions with the development of vascular networks.

B. Homeostasis, and specifically a tight E/I balance, relies heavily on the role of glia, and
particularly, astrocytes.

To advance the argument, we first briefly review the main neurobiological phases and
determinants of brain development and particularly of neural and vascular networks, their
mutual connections, as well as their interactions with glia. After this is done, the next section
highlights the potential relevance of these aspects to psychiatric disorders.

The Development of Neural Networks in the Human Brain

The formation of branched structures that ultimately shape neuronal networks relies on pro-
cesses of arborization and polarization that take place during neurogenesis in the development
of each neuron ( ). As reviewed below, such processes rely on the con-
certed switching on and off of genetic programs based on other cellular interactions.

Brain development proceeds in overlapping phases: the making of the brain cells, cell
migration, axons and dendrites growth, synaptic development and linkage with other neuronal
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EMBRYOGENESIS POSTNATAL

Figure 2. From left to right, the various stages of cortical formation during embryogenesis up to the postnatal brain. Neural stem/progenitor
cells (NSCs/NPCs) start a first differentiation stage mostly converting into radial glial cells (RGCs) that make the scaffolding starting from the
ventricular up to the pial surface while novel blood vessels grow inwards. Local metabolic, ionic, and molecular conditions then drive the
generation and migration of glial and neuronal cells and their connections to the developing vascular networks. Finally, the same local con-
ditions promote the differentiation and maturation of oligodendrocytes (OL) from their progenitor cells (OLP) and axonal myelination.

Network Neuroscience

cells, synaptic maturation and pruning, glia-genesis, and myelination (Shonkoff et al., 2000)
(Figure 2).

The brain and spinal cord arise from a set of cells on the dorsal part (e.g., neural plate) of
the developing embryo. The dividing cells proliferate on each side of the plate along its length
and their folding forms the neural tube. In the tube, three contained enlargements are formed
from which the various parts of the brain are generated; the anterior portion gives rise to the
cerebral hemispheres, the middle section to the midbrain, the posterior to the brain stem, the
cerebellum, and the spinal cord and peripheral nerves. Under the control of regulatory genes,
the NSCs/NPCs start a first differentiation stage mostly converting into RGCs; these cells
are polarized and stretch radially from the early ventricles to the pia becoming the pillars
of the expanding cortex. This is the scaffolding that guides the next phase when neurons
travel to their appropriate layer in the neural columns (Shonkoff et al., 2000). This process
stretches until the 15th gestational week after which astrocytes and oligodendrocytes
commence their proliferation from RGCs and migration to support the developing neural
columns. Note that, differently from the other glia, microglial cells appear very early in ges-
tation (from Week 8) and then distribute across the developing cortex (Menassa & Gomez-
Nicola, 2018).

Once the nerve cells are formed and finish migrating, they rapidly extend axons, often over
relatively long distances, as well as dendrites and begin to form connections with other nerve
cells; these connections are called synapses. This process continues well into the childhood
years. There is evidence in many parts of the nervous system that the stability and strength of
these synapses are largely determined by synaptic activity, and hence are dependent on envi-
ronmental stimuli. As nerve cells form axons, accompanying oligodendrocytes wrap them with
an insulating coating, myelin, that increases conduction velocity.

Axon guidance is a complex process whereas guidance receptors expressed at the tips of
motile axons interact with guidance cues; these cues present with both positive (attraction) and
negative (repulsion) feedback systems that are locally switched on and off in temporal
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sequelae along the path to avoid the formation of loops ( ). Environmental
clues also drive the arborization of axons, the process that extend multiple branches from
the tip end to form terminal arbores ( ). The most important of these inter-
actions are those with the vascular network.

The brain is one of the most energy consuming organs whose metabolism is mostly reliant
on oxidative metabolism and holds minimal glycogen reserve; hence, it requires a constant
supply of oxygen and glucose ( ; ). The distribution of synapses,
where most of the energy budget is spent with 50% used on postsynaptic glutamate receptors,
must then spatially match the blood vessel area that supplies glucose and oxygen (

, ).

The close interaction between neural and vascular networks in the brain is well docu-
mented and has even gained a specific label by being called the “neurovascular unit”

( ; ).

Hence, we propose that the small-world brain morphology of neural networks is based on
the small-world morphology of the neurovascular unit. It is relevant to note that other organs
that have very high metabolic demand, if not higher than the brain, such as the kidneys, heart,
and liver, have all been shown to possess branching morphology and that this is not the case
for other organs with lower metabolic needs (e.g., adipose tissue and skeletal muscle) (

; ; ; ). We
develop this argument further in the following section.

The Development and Cross-Talk of Vascular Networks

Contrary to neural networks, the mechanistic bases of small-world development and morphol-
ogy are well understood and modeled as fractal biology when it comes to the vascular system
( ). The morphogenesis of vascular networks is based on the prolifera-
tive activity of equipotent tips that branch out to respond to metabolic demands, for example,
hypoxia, and become proliferatively inactive when the latter are quenched and/or they enter
an already oxygenated territory; while expanding, they also suppress the sprouting of neigh-

boring tips ( ). Hence, vascular branched structures develop as a self-
organized process, rely on simple local rules, and do not require a deterministic sequence
of genetically programmed events ( ; ).

Specifically, the process of vascular branching is based on two elegant feedback systems.
During development, tissue expansion causes hypoxic conditions that are sensed by the local
astrocytic population that releases the vascular endothelial growth factor (VEGF). VEGF
release stimulates the sprouting of endothelial cells that expand the vascular network
and bring oxygenated blood until VEGF expression is switched off (

). For such branching system to work, only a few endothelial cells need to be selected
as tips while the others trail these and form tubes; this system is controlled via a form of
lateral inhibition that blocks sprouting from adjacent cells via the Notch signaling pathway.

( ).

Importantly for what is purported here, there is a close cross-talk between the vascular and
neural networks that share signals through known axon and blood vessel guidance molecules:
the Neuropilin receptors and their Semaphorin and VEGF ligands, and Netrins and Slits ligands
and their receptors ( ; ;

; ). A few models have been proposed to demonstrate the development
of brain vasculature ( ; ; ;
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); Kumar and colleagues have proposed the first synthetic formulation of the interaction
between growing vascular and neuronal networks ( ).

The Control of Excitation-Inhibition Ratio Balance

Approximately one in six neurons in the adult neocortex are inhibitory GABAergic interneu-
rons, and this ratio is relatively stable across development but not across layers—with higher
densities observed in Layers 2 and 5 ( ; ; ;
). GABA interneurons are a highly heterogeneous group of neurons with
diverse morphologies and biochemical and physiological properties ( ). These
features are acquired during development through the implementation of specific transcrip-
tional programs that are intrinsically encoded and switched by local cues or driven by local
interactions with the microenvironment ( ). In particular, the laminar distribu-
tion, phenotype, connectivity, and even survival of interneurons are determined by signals
provided by pyramidal cells ( ; ; ;
; ; ). The maturation of interneurons and of
their connections to pyramidal neurons drives the early appearance of local networks and
gamma oscillations (Gestation Week 24) until full maturation of brain dynamics up to 2 years
from birth ( ).

Interneurons have well established role in inducing long-term plasticity at excitatory syn-
apses ( ); at the same time, as the result of interaction between
excitatory and inhibitory synapses, excitatory transmission modulates inhibitory synaptic plas-
ticity ( ). These cross-modulatory effects are well captured by a few of
the mathematical models proposed ( ).

However, current mathematical models do not account for glial cells ( ;

). Glial cells are the most abundant (90%) cells in the human

brain and are tightly integrated into neural networks. As already reviewed in previous sections,

they have a key role in the development of vascular and neural networks and, in the mature

brain, they are responsible for homeostatic control. They sense and shuffle major ions, remove

and catabolize neurotransmitters, and supply neurons with neurotransmitter precursors; crucially

they maintain metabolic homeostasis by metabolizing glucose and supplying neurons with

energy substrates, mostly lactate, and by synthesizing glycogen (

). With their perisynaptic sheaths, astrocytes enwrap the whole synapses and regulate

synaptic maturation, maintenance, and extinction ( ).

Moreover, astrocytes use their large array of transporters to control the dynamics of neuro-
transmitter concentration in the synaptic cleft and modulate a wide array of synaptic responses
( ). For example, astroglial release of glutamate may results in both
inhibition or potentiation of evoked and spontaneous excitatory or inhibitory postsynaptic cur-
rents as well as modulation of long-term potentiation or long-term depression (

; ; ; ). Conversely, astroglial
GABA transporters have a key role in controlling concentration of GABA in the synaptic cleft
and hence control GABA tone ( ).

THE RELEVANCE OF THE NEUROGLIOVASCULAR UNIT TO
PSYCHIATRIC DISORDERS

Unsurprisingly, abnormalities in these vascular and glial compartments have been involved in
the pathophysiology of psychiatric disorders ( ;

920z AInc Lz uo 3senb Ag 4pd 885 "€ "UIdU /¥T¥.6G2 /88S "8 NLIN /Z9TT "OT / 10p /4pd -2 [ 1} 4€ /U IdU /NP "} W " 3084 1p//:d 11y WO 14 papeo juwog



The neurobiological complexity of brain dynamics

Angiogenesis:

The formation of new blood vessels
from preexisting vasculature, crucial
for developing the brain’s vascular
network.

Network Neuroscience

; ; ). VEGF plays a role not only in cerebrovascular
development but also in neurogenesis in the adult brain and its dysregulation has been
consistently associated with major depressive disorder ( ;

). Signaling pathways that we have reviewed above as key to microvascular development
have also been linked to developmental disorders, schizophrenia, bipolar disorder, and autism
( ; ; ). Microvascular abnormalities mea-
sured by retinal imaging in fact are a consistent finding in patients with schizophrenia (

; ; ). A study of human induced pluripotent stem
cells-derived neural stem cells of patients with schizophrenia has demonstrated impaired
angiogenesis (i.e., the process of development of new blood vessels) due to defective cross-
talk between neural stem cells and endothelial cells during the formation of the neurovascular
niche ( ).

However, morphological information about abnormalities of the brain microvasculature in
psychiatric cohorts is scant. In particular, total cerebral blood volume has been reported as
below normal levels in patients with schizophrenia ( ) and this seems
to be the result also of underdeveloped small arterial (pial) and arteriolar vessels (

). It is worth noting that MRI methods to quantify the density of both arterial and venous
micro-vessels are available ( ; ;

).

The relevance of excitation-inhibition imbalance in psychiatric disorders has been widely
documented with findings in clinical cohorts with schizophrenia, autism spectrum disorder, as
well as mood disorders (see , for a review) and the estimation of local
excitation-inhibition balance is now an important effort in the development of analytics for
brain functional imaging data ( ; ; ;

). Direct in vivo quantification of glutamate (Glu), and y-aminobutyric acid (GABA)
steady-state concentrations can be achieved using magnetic resonance spectroscopy (MRS)
( ). However, it is still challenging to apportion the concentrations of these neuro-
transmitters to the underlying cellular mechanisms, for example, neuronal or glial (

). Initial approaches included the use of metabolic activity in astrocytes as a proxy
of cycling Glu given its high metabolic costs ( ); only very recently,
MRS has been used to quantify time-resolved metabolic responses to stimuli on much
shorter timescales of seconds to minutes, so-called functional MRS ( ),
and these signals have allowed the attribution of Glu and GABA concentrations to cellular
compartments ( ). Moreover, information on neuro-glial network
microstructures can potentially be obtained from diffusion-weighted (DW) MRS (

). Conventional diffusion MRI utilizes water molecules to probe and quantify
microstructure whereas DW-MRS provides compartment specific information using glia
compartment-specific metabolites as probes, for example, myoinositol for the astrocytic
compartment.

THE NEUROGLIOVASCULAR UNIT AND GENERATIVE MODELS OF
BRAIN NETWORKS

The previous sections have summarized how proper cerebrovascular development and neu-
rogliovascular unit assembly are essential for brain growth and function, during development
and throughout life, ensuring the continuous supply of nutrients and oxygen. According to the

10

920z AInc Lz uo 3senb Ag 4pd 885 "€ "UIdU /¥T¥.6G2 /88S "8 NLIN /Z9TT "OT / 10p /4pd -2 [ 1} 4€ /U IdU /NP "} W " 3084 1p//:d 11y WO 14 papeo juwog



The neurobiological complexity of brain dynamics

recently proposed model of supply-limited (as opposed to demand-based) metabolism, brain
development, homeostasis, as well as brain evolution can be best understood as determined by
the deliverable mass of metabolic substrates, oxygen, and glucose (Herculano-Houzel &
Rothman, 2022; Luppi, Rosas, Noonan, et al., 2024); hence, angiogenesis plays a key role
brain in modern theories of developmental disorders (Carrier et al., 2020). This supports the
view that the inclusion into computational models of components of the neurogliovascular unit
is relevant to contemporary neuropsychiatry; these models could then be tested against newly
generated data made available by novel imaging technologies as reviewed above (Figure 3).

However, the relevant question that remains is how the complexity of neurovascular ener-
getics can be captured by stylized models of brain networks development that may be com-
putable and yet realistic. For this purpose, we propose an example using a specific class of
computational models, the so-called generative models of brain network development as
reviewed in Vértes (2023). Note that this selection is not prescriptive but is preferred here given
the focus on vascularization and energetics. Further to generative modeling, there is a large
body of work on computational modeling of brain development that explicitly considers bio-
physical properties and processes such as neurogenesis (Beul et al., 2018), neurite growth (Van
Oovyen et al., 1995), and cell division (Kerstjens et al., 2022). Equally, computational models
have been used to model GABA/glutamate homeostasis (Naskar et al., 2021) and
glial/neuronal interactions (Nadkarni & Jung, 2007; Posthov et al., 2007). These models are
of great potential interest for future modeling attempts but will not be considered here for
simplicity.

ARTERY

Figure 3. The neurogliovascular unit is here presented as the elementary unit for better modeling of brain morphology and function using

generative computational models.

Network Neuroscience
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The physiome:

The description of the functioning
organism in normal and
pathophysiological states. and is built
upon the description of anatomical
structure, chemical and biochemical
composition, and material properties
of an intact organism, including its
genome, proteome, cell, tissue, and
organ structures up to those of the
whole intact being.

Network Neuroscience

Now consider the stylized model introduced by
Pij = (dij)" (ki) M

Where P; ; is the probability for a connection between two nodes i and j, d, ; is the wiring
cost and k; ; is a bias term that promotes the clustering of regions with a large overlap in their
existing connections. The exponents 17 and ¥ balance the two contributions d and k. These
models have been able to reproduce the empirically observed network properties and distance
distribution of human brain networks measured with neuroimaging but also from different
modalities at different scales, in different species ( ). These stylized models have
also been able to fit adequately the distribution of the same brain networks in psychiatric con-
ditions and, specifically, of brains of patients with schizophrenia ( ).

In this form, these models do not inform on the underlying cellular machinery; however,
they have the interesting property of allowing the linkage with biological microparameters of
interest. We propose that, for example, the wiring cost parameter d can be explicitly factored
by measured energetic quantities that can be experimentally measured, for example, resting
potentials, action potentials in myelinated and nonmyelinated tracts, presynaptic and postsyn-
aptic neurotransmitter activity, myelination by oligodendrocytes, glutamate/GABA recycling
by astrocytes, and so forth ( ; ), quantities that
can be constrained by local metabolic capacity ( ). Alterations of these
parameters can be directly measured in vivo whenever technology allows or, alternatively,
predicted by genetics. Individual polygenic risk scores have been shown to be associated with
such parameterizations ( ); one step forward, albeit difficult, would be to
predict alterations of metabolic costs due to genetic polymorphisms that induce loss or gain
of function in the cellular processes described above ( ). This formal
scaling from genes-to-cells-to-systems is challenging albeit possible as we have recently dem-
onstrated by using polygenic scores to predict volumetric changes across psychiatric disorders
( ). Alternatively, these gene-to-function parameterization could be
derived from induced pluripotent stem cells in appropriately designed genomic platforms

( ) ( ).

CONCLUSION

In this manuscript, we have provided a critical view on how mathematical models that are
used to simulate neural dynamic rely on a variety of properties that are directly tight with var-
ious aspects of brain biology. These models are bounded to provided simplified representa-
tions that may have difficulties in properly capturing the rich complexity of the cellular and
molecular processes taking place underneath. Concretely, so far, they have mostly failed to
include non-neuronal cells, glia, and the vascular system, which are important determinants
of brain morphology and function. Importantly, most approaches miss the general principle
that the brain’s homeostasis is achieved by the set of interactions among cell types (e.g., the
physiome [ 1), and that cell differentiation during development is itself a
locally controlled process ( ).

Given the lack of direct measurements in clinical populations, it is not surprising that the
relevance of the neurogliovascular unit in neuropsychiatric disorders has not been matched by
adequate computational modeling efforts. If direct measurements of these non-neuronal com-
ponents and comprehensive molecular and cellular mapping will be made available, these
components could allow us to further constraint the ranges of the model’s parameters. This,
in turn, has the potential to improve our ability to properly interpret the results obtained from
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Network Neuroscience

Figure 4. We propose that stylized models of brain network development can be used to test
hypotheses on brain development and developmental disorders by incorporating genetic and func-
tional information obtained from cellular models or in vivo imaging. This information can be
inserted to evaluate the probability (P) of a connection as the results of the wiring and maintenance
cost and efficiency in transmission due to clustering properties.

these models and contribute to the incremental, gradual process of discovery of the biology of
brain in health and disease. This process is made more effective by the recent availability of
ever more detailed and systematic information on the brain at any scale (e.g., molecular, cel-
lular, and behavioral) ( ; ; ;

). For example, substantial improvement in model fit to functional MRI data
has been observed by the inclusion of intracortical myelin density to constrain model by
parameterizing synaptic strength ( ; ). Recently, the first
molecular atlas of the cells that make up the human vasculature has been reported and has
clearly resolved molecular components that are key to the pathophysiology of neurodegener-
ative disorders ( ). Here we have proposed a general framework whereas
cellular contribution from the neurogliovascular unit can be channeled in stylized models
of network development.

All the above warrants great promise to the use of physical models and mathematical tools
to study a wide range of topics with high potential translational value including, for example,
the role of the vascular component and/or excitation-inhibition balance for several disorders
affecting higher cognitive functions such as major depression, autism, and schizophrenia
( ; ; ; ).
We hope this work may inspire more investigations on the rich interplay between neural, glial,
and vascular activity, which we regard as critical to foster a greater understanding of the
arguably most fascinating and mysterious organ, the brain.
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