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During cortical development, newly born neurons migrate radially or tangentially from their origin to expand the cortex.
Simultaneously, neuron-derived factors support angiogenesis, and an elaborate network of blood cerebral vessels develops in the
cortex. Traditionally, blood cerebral vessels were considered to support the growing cortex or migrating neurons by providing
nutrients and oxygen. However, recent studies have shed light on Endothelial cells’ influence on cortical development; they guide
neuronal migration by providing molecular cues and structural support. Here, we review the current understanding of how CNS
cerebral vessels support neurogenesis, neuronal migration, and the formation of the six-layer cortical structure during
development. Additionally, we explore current knowledge regarding the vascular role in neurodevelopmental disorders, including
autism spectrum disorder, attention deficit hyperactivity disorder, and schizophrenia.
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INTRODUCTION
The human brain is complex, and while it is not the largest, it has a
larger cerebral cortex than other mammals relative to its size. This
difference is thought to be a critical factor in human cognitive
abilities [1–3]. There are different theories about why some
animals have a larger cerebral cortex than others. One theory is
that a larger cerebral cortex allows more neurons and connec-
tions, leading to more extraordinary cognitive ability [3, 4].
However, this theory does not always hold true, as some animals
with smaller brains may have more neurons than animals with
larger brains [5, 6]. Another theory is that the way neurons are
connected in the brain is more important than the number of
neurons themselves [7–9]. This theory suggests that the human
brain may have a more efficient way of connecting neurons, which
allows us to think and learn more effectively. Researchers are still
trying to understand exactly how the size and structure of the
cerebral cortex relate to cognitive ability. However, it is clear that
the cerebral cortex plays an important role in human intelligence.
The cerebral cortex can be divided based on laminar organiza-

tion into two types: the neocortex, which is larger and has six cell
layers, and the allocortex, which is much smaller and has three or
four layers. In the human brain, the allocortex accounts for just
10% of the cortex, with the neocortex making up 90% [10]. The
neocortex is known for its six layers, with layers I, III, and V having
lower cell density than layers II, IV, and VI [11]. The neocortex is
further divided into four lobes: the frontal lobe, parietal lobe,
temporal lobe, and occipital lobe [12, 13]. The frontal lobe, the
most prominent lobe of the cerebral cortex, is responsible for a
wide range of critical functions. It governs our ability to plan and

make decisions, including complex strategies in new situations
[14, 15]. Additionally, it controls speech production through an area
called Broca’s area [16]. Furthermore, the frontal lobe is essential for
personality and emotional regulation. Damage to this area can lead
to significant changes in behavior and social interactions. Finally,
the frontal lobe plays a role in movement control through its motor
cortex. In contrast, the parietal lobe focuses on processing sensory
information regarding touch, position, and pain [17]. It also
integrates this information with other senses like vision and
hearing, allowing for complex functions like spatial recognition and
object manipulation [18–20]. The temporal lobe deals primarily
with hearing and auditory processing [21, 22]. It also includes
Wernicke’s area, which is crucial for understanding language
[23, 24]. Beyond that, the temporal lobe is involved in memory,
particularly long-term memories related to facts and events
[declarative memory]. Finally, the occipital lobe, the smallest of
the four, is responsible for vision [25]. It receives and interprets raw
visual data, allowing us to recognize and distinguish objects in the
world. The allocortex has three or four layers and includes
structures such as the hippocampus and olfactory cortex. It is
involved in more primitive functions, including memory formation
and olfaction [26].
The intricate development and function of the brain’s complex

cortical structure have long fascinated scientists. Despite consti-
tuting only 2% of total body mass, the human brain consumes
approximately 20% of the body’s resting energy [27]. This
substantial energy demand is sustained by an extensive vascular
network, which continuously supplies oxygen and nutrients to
neurons while facilitating the removal of metabolic waste
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products. By 4–8 weeks of gestation, blood vessels from the
perineural vascular plexus [PNVP) begin to penetrate the human
neural tube [28], a process that parallels vascular invasion in mice
around embryonic day (E) 9.5–11.5 [29]. This temporal alignment
underscores the intricate interdependence between vascular and
neural development, as the expanding central nervous system
(CNS) relies on an emerging vascular network for oxygen and
nutrient supply [30, 31].
The relationship between the vascular and CNS systems in the

contexts of neurogenesis, and neurodevelopmental disorders has
been reviewed separately [32–40]. However, comprehensive
reviews that specifically address vascular contributions to CNS
development, particularly in relation to neurogenesis, neuronal
migration [both radial and tangential), the establishment of
cortical architecture, and their roles in neurodevelopmental
disorders, are not consolidated in a single source. This review
aims to fill this gap. By collecting current knowledge on vascular
influences in neurogenesis and cortical organization, this work
highlights key mechanistic insights and potential research
directions, ultimately seeking to encourage further research into
neurodevelopmental disorders through the lens of
vascular–neural interactions during development.

CORTICAL DEVELOPMENT
An in-depth discussion of this topic is beyond the scope of the
present review, as this topic has been thoroughly reviewed
previously [39, 41–49]; however, for continuity and readability, we
will briefly discuss the process of cortical development.
The process of cortical development, including neural tube

formation, neurogenesis, and neuronal migration, is evolutionarily
conserved across mammals, with humans exhibiting similar
fundamental mechanisms that govern the formation and organi-
zation of the cerebral cortex. During early embryonic develop-
ment, a flat sheet of cells called the neural plate folds inwards to
form a hollow tube, the neural tube. This closure process is crucial
for brain and spinal cord development [50–53]. Even before
complete closure, the front end of the neural tube bulges into
three distinct regions. The forebrain will eventually give rise to the
cerebral cortex, thalamus, hypothalamus, and other important
structures [54–56]. The midbrain region will develop into parts
involved in vision, hearing, and motor control [57, 58]. The
hindbrain will become the pons, medulla oblongata, and
cerebellum, responsible for functions like breathing, heart rate,
and balance [57, 59–61]. The forebrain further subdivides into
secondary vesicles, including the telencephalon. The telencepha-
lon itself has two main parts: the dorsal telencephalon, which is
the key region for cortical development [62] and will eventually
become the convoluted outer layer of the brain we know as the
cerebral cortex, and the ventral telencephalon, which gives rise to
other important structures like the basal ganglia and the
amygdala.
Before the onset of neurogenesis, the neuroepithelium is

composed of neuroepithelial stem cells that undergo symmetric
divisions that expand the neuroepithelial surface [63–65]. The
development of neocortex circuitry relies on evolutionarily
conserved and stereotypical histogenic processes [66]. These
events include neural stem cell proliferation, the production of
neurons and glia, neuronal migration, neuronal differentiation
(both molecularly and structurally), axon pathfinding and target
innervation, synaptogenesis, and maturation [66].
Neuronal migration during cortical development is a complex

process essential for organizing the layers of the cerebral cortex.
Here, special cells called radial glial cells (RGCs) take center stage
[41, 64]. They first divide rapidly, then switch to an asymmetric
division, creating one new RGC and one new projection neuron
[67–70]. The first neurons born in the germinal ventricular zone
(VZ) embark on a journey towards the surface of the developing

brain, forming a primordial layer called the preplate at about E11.5
[71–73]. This initial layer is subsequently split by the arrival of a
wave of new neurons (E13), creating the superficial marginal zone
(future layer I) and the deeper subplate [74–76]. In the generation
of layers II–VI, interestingly, cortical neuron generation follows an
“inside-out” sequence. Early-born neurons move to reside in the
deeper layers, while later-born ones climb upwards past their
younger siblings to settle in more superficial layers [77]. The
subplate, separated from the VZ by the intermediate zone (future
white matter), witnesses another key development - the
emergence of the subventricular zone (SVZ) between itself and
the VZ [45]. This zone acts as a secondary proliferative region,
primarily generating glial cells to support the developing cortex.
The SVZ expands significantly in late embryonic and early
postnatal stages as the VZ diminishes.
The asymmetric division of radial glial stem cells enhances the

density of neuronal progenitors in the VZ in humans, and later,
these cells migrate rapidly to form the SVZ [78]. These cells have
the potential to divide and migrate into the cortex. Based on the
localizsed density of cell layers, the SVZ is distributed into two
zones: the inner SVZ (iSVZ) and the outer SVZ (oSVZ) in humans
and primates [79, 80]. In humans, the SVZ develops between
gestational weeks (GW) 12 and 16 and is organized into two
distinct regions: the iSVZ and the oSVZs, with the oSVZ playing a
critical role in cortical expansion and size determination during
brain development [81]. While mice primarily possess a single type
of radial glia [82], humans exhibit three primary subtypes: apical
radial glia (aRG), located in the VZ, which extend processes from
the ventricular surface to the pial surface and undergo asymmetric
divisions to generate neurons and intermediate progenitor cells
[83]; truncated radial glia (tRG), derived from aRG, characterized by
shorter processes that do not span the entire cortical wall and
contribute to gliogenesis during later stages of cortical develop-
ment [84]; and outer radial glia (oRG), also known as basal radial
glia, situated in the oSVZ, which possess a long basal fiber that
often extends to the pial surface but lacks an apical attachment to
the ventricular surface [82, 85]. Within the oSVZ, oRG cells exhibit
random cleavage patterns and divide asymmetrically to produce a
variety of neuronal cell types, significantly contributing to cortical
expansion and size determination [81]. Gyrogenesis, the process
of cortical folding, occurs in humans during the third trimester,
driven by differential growth rates between the cortex and
subcortical structures, increased neuronal production, and cytos-
keletal dynamics [86], whereas this folding is absent in mice due
to their smaller brain size and simpler developmental program
[87].
Generally, two types of migration have been identified in

developing brains: radial glial migration, in which the neural
progenitors (NPs) migrate out of the origin to their final location
using the glial cell in the developing brain that serves as both a
scaffold and a guide for migrating neurons. They extend long
processes from the VZ to the pial surface, providing a pathway
along which neurons migrate radially from the VZ to the outer
layers of the cerebral cortex [83, 88, 89]. Another type of migration
is tangential migration, where interneurons born in the ganglionic
eminence migrate tangentially to the dorsal cortex [41].

VASCULAR DEVELOPMENT IN THE CORTEX
In the developing mouse brain, the vascular network emerges
through a tightly orchestrated interplay of cellular precursors and
molecular cues, beginning with the hemangioblast a pluripotent
mesodermal progenitor arising in the yolk sac around E 6.5–7.5
[90]. These cells, derived from embryonic stem cells, differentiate
peripherally into angioblasts endothelial precursors while centrally
giving rise to hematopoietic cells [91, 92]. Vasculogenesis, the de
novo formation of blood vessels, commences as angioblasts,
induced by endoderm-derived signals such as fibroblast growth

L.K. Ahirwar et al.

5954

Molecular Psychiatry (2025) 30:5953 – 5966



factor (FGF) and bone morphogenetic protein 4 (BMP4), migrate
and aggregate into blood islands within the mesoderm [91, 93]. By
E8.5, angiogenic factors like vascular endothelial growth factor
(VEGF), secreted by the dorsal ectoderm of the newly formed
neural tube, recruit fetal liver kinase 1 (FLK1)-positive angioblasts
from the pre-somitic mesoderm to establish the PNVP encircling
the neural tube [94], forming the primary vascular scaffold before
cardiac function begins. This extracerebral plexus, established via
vasculogenesis, precedes the brain-specific vascularization [95].
A day after the PNVP forms, cerebral vessels sprout into the neural

tube at E9.5, forming the intraneural vascular plexus (INVP) [94]. From
E10.5 onward, vascular sprouts from the pial surface invade the
neuroepithelium, extending toward the ventricles to form a complex
network The prevailing notion for CNS angiogenesis posited that pial
cerebral vessels, derived from the perineural plexus encircling the
neural tube, undergo passive sprouting into the brain parenchyma [96].
These cerebral vessels were thought to extend radial branches towards
the ventricles, where the neurogenic zones, the VZ, and SVZ, are
situated. Surface pial cerebral vessels surround the entire brain by E9.5.
During E10-E11, these cerebral vessels progressively perforate into the
developing brain as the periventricular vascular plexus advances into
the dorsal telencephalon [97] Fig. 1.

This notion was challenged by studies suggesting that pial and
periventricular cerebral vessels originate differently and follow
separate developmental timelines. Periventricular cerebral vessels
in the ventral telencephalon are believed to stem from a basal
cerebral vessel, likely originating from pharyngeal arch arteries,
located on the telencephalic vesicle’s floor within the basal
ganglia primordium [98]. By E9, pial cerebral vessels begin to
encircle the telencephalon, while a distinct group of periventri-
cular cerebral vessels is confined to the ventral telencephalon.
Between E9-E10, the basal cerebral vessel matures, giving rise to
periventricular branches that extend ventrally to dorsally and
laterally to medially, eventually forming a vascular lattice in the
dorsal telencephalon [96, 97].
Vascular quantification during embryonic brain development

revealed that cerebral vessel density in the cortical plate first rises
sharply from E13.5 to E15.5 but stays relatively stable after E15.5
[99]. The same study reports that during the early stages of
embryonic development, there is a significant increase in cerebral
vessel branch point frequency from E13.5 to E15.5 and E16.5,
indicating that sprouting is a predominant growth mode.
However, by E17.5, the branch point frequency decreases
significantly. Thus, it is suggested that the later stages of vascular

Fig. 1 Parallel development of blood cerebral cerebral vessels and neurons in the cortex during embryonic stages. A Pial cerebral cerebral
vessels or perineural vascular plexus (PNVP) formation begins at embryonic day (E)10.5, followed by its sprouting in the developing cortex by
E12.5. Moreover, by this time, a periventricular vascular plexus originates in the ventral telencephalon. At E15.5, the angiogenic sprouting
completes and spreads throughout the CNS; at 17.5, these angiogenic cerebral cerebral vessels elongate and stabilize. B Simultaneously, by
E10.5, the radial glial cells (neural stem cells raised from the neuroepithelial cells) divide symmetrically to increase the pool of these radial glial
cells in the avascular, hypoxic zone. Later, these radial glial cells divide asymmetrically to form 1 basal progenitor and 1 neuron or 1
intermediate progenitor (E12.5). Gradually, radial cells form layers of neurons by E15.5. By E17.5, the remaining layers of neurons are formed
and possess astrocytes in the developing cortex. The Cajal-al-Retzius cells could be seen at the early embryonic stage (E10.5) and gradually
expand over the later developmental stages. These cells support the radial glial structure and assist neuronal migration during cortical
development. Interneurons migrate along two tangential routes, located in the marginal zone (MZ) and above the subventricular zone (SVZ).
As development progresses, interneurons undergo a transition to a radial-oriented migration pattern to reach their final laminar positions and
integrate into neuronal circuits alongside excitatory neurons.
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development in the cortex primarily involve elongating and
stabilizing existing cerebral vessels [99].
During embryonic development, human cranial vasculature

initiates around 21 days post-fertilization, prior to the primordial
heart tube beating (approximately 22–23 days) and the initiation
of neural tube closure [95]. Light and electron microscopy studies
of human embryos suggest that microvasculature is present
within the neural tube as early as the fifth GW [100]. Angiogenesis
begins first in the caudal portions of the midbrain and brainstem,
progressing rostrally to include cortical vascular invasion by the
sixth to seventh GWs (Gestation Week) [95]. By approximately
52 days, all components of the Circle of Willis are readily
distinguishable [95]. At the early stage, PNVP forms around the
neural tube, serving as the initial vascular network from which
angiogenesis proceeds. By the fourth week of development, the
brain is supplied by the internal carotid and basilar arteries,
marking the establishment of major arterial trunks [101]. By the
seventh week, the cerebral hemispheres begin to be vascularized
[102], ensuring that the expanding brain tissue receives adequate
oxygen and nutrients. A more detailed summary of human
embryonic vascular development has recently been reviewed by
Boutom et al.; Bertulli and Robert. [95, 103].

Vascular Roles in the CNS
The cerebral vessels occupy around 20–30% of the total brain
volume [104]. This complex, dense network of vessels’ primary
function is to supply nutrients and oxygen to neurons, glial cells,
astrocytes, and other non-neural cells during development and
maintenance [105, 106]. They are vital for transporting oxygenated
blood and essential nutrients to the brain and other tissues
[104, 105]. Additionally, they eliminate carbon dioxide (CO2) and
other metabolic byproducts or wastes from these tissues and
transport the hormones and signaling molecules among the organs
and tissues. The microvasculature of the parenchymal drains the
deoxygenated blood centrifugally from the surface of the
ventricular ependymal layer towards the pial at the marginal cortex
through venules and veins [104]. To gain a deeper understanding of
the vascular role in oxygen and nutrient support, we recommend
consulting review articles [38, 94, 107–109].

BLOOD-BRAIN BARRIER (BBB)
CNS vessels are distinct from peripheral vessels due to the
presence of a semi-permeable barrier, the BBB, which restricts the
entry of toxins, pathogens, large biomolecules, and many drugs
into the brain [104, 105]. The BBB is primarily formed by
endothelial cells (ECs) lining the cerebral microvasculature, which
are supported by astrocytic end-feet and pericytes [110]. These
endothelial cells, which form the luminal lining of blood vessels,
are connected by a network of adherens junctions, gap junctions,
and tight junctions [111]. Adherens junctions, mediated by
vascular endothelial (VE) cadherins and associated scaffolding
proteins such as α-, β-, and p120-catenin, connect the cells to one
another and anchor them to the actin cytoskeleton, thereby
reinforcing cell-to-cell adhesion and maintaining the integrity of
tight junctions. Gap junctions, composed of connexins like Cx40
and Cx43, facilitate intercellular communication among endothe-
lial cells, pericytes, and astrocytes, which is essential for
coordinated vascular function [111].
Tight junctions are critical for controlling paracellular perme-

ability across the BBB. These junctions are formed by transmem-
brane proteins such as claudins, occludin, and zonula occludens
(ZO) proteins, which regulate the diffusion of substances between
cells [112]. Claudin-5 is a key component of the tight junctions in
the BBB, with its mRNA levels reported to be significantly higher
than those of other claudin isoforms found in brain microvessels
[113]. The PDZ domain at the C-terminus of claudin-5 interacts
with ZO-1 and ZO-2, which assists in anchoring claudin-5 at the

tight junctions [114]. Occludin, which is highly expressed in CNS
ECs compared to non-neuronal tissues, plays a regulatory role in
modulating paracellular transport and is closely associated with
claudin-based strands [115]. The ZO proteins (ZO-1, ZO-2, and ZO-
3) belong to the membrane-associated guanylate kinase (MAGUK)
family and are essential for the assembly and stabilization of the
tight junction complex [116]. Specifically, ZO-1, with a molecular
weight of 225 kDa, interacts with claudins, occludin, and junction
adhesion molecules (JAMs), and its dimerization with ZO-2
provides the structural framework necessary for the polymeriza-
tion of claudin strands [111].
Matrix metalloproteinases (MMPs) have a key role in the

regulation of BBB integrity, function, and remodeling under
physiological and pathological conditions [111]. Specifically, the
zinc-dependent endopeptidases MMP-2 and MMP-9 are accoun-
table for the proteolytic degradation of tight junction proteins
occludin, claudins, and ZO-1, which are essential for BBB integrity
[117]. Pathologically, particularly under oxidative stress conditions,
reactive oxygen species (ROS) function to activate MMPs, and
accessory factors such as hypoxia-inducible factor-1α (HIF1α) and
amyloid-β enhance their activity in the central nervous system
[111]. This proteolytic breakdown of BBB proteins by MMP-2 and
MMP-9 is a critical mechanism that culminates in BBB disruption
and ensuing cerebral dysfunction [111].
Even though tight junctions restrict paracellular movements,

the necessary molecular transfer is facilitated by specialized
transporters. Key transporters include Glucose Transporter 1
(GLUT1) for glucose, L-type Amino Acid Transporter 1 (LAT1) for
essential amino acids, P-glycoprotein (P-gp) and Breast Cancer
Resistance Protein (BCRP) for drug efflux, Organic Anion Trans-
porting Polypeptides (OATPs) for organic anions, and Major
Facilitator Superfamily Domain-containing Protein 2a (Mfsd2a)
for Docosahexaenoic Acid (DHA) uptake [118–121]. These
transporters ensure essential nutrients enter the brain while
keeping harmful substances out. Alternatively, substances can
traverse the barrier by transcytosis, this mechanism involves the
encapsulation of molecules into endocytic vesicles that move
across the endothelial cell and release their contents on the
opposite side [122, 123]. However, compared to peripheral ECs,
CNS ECs possess relatively low transcytosis [105, 124].
In mice, BBB maturation occurs around mouse E15.5, as

indicated by the restricted permeability of a 10 kDa tracer in the
developing brain [125]. BBB formation is tightly regulated by
neural developmental programs, with Wnt ligands (Wnt7a, Wnt7b)
secreted by NPs activating β-catenin signaling in ECs to drive
barrier establishment [126]. Additionally, subventricular neuroec-
todermal cells produce VEGF, directing angiogenesis through a
VEGF concentration gradient [127]. Impaired neural-derived VEGF
disrupts vessel density and leads to structural malformations,
particularly in the cortex and retina [127]. Astrocytes secrete Sonic
Hedgehog (Shh), while BBB ECsexpress Hedgehog (Hh) receptors,
collectively promoting BBB formation and maintaining its integrity
throughout embryonic development and adulthood [128].
In human embryos, research utilizing electron microscopy,

horseradish peroxidase tracing, and advanced freeze-fracture
techniques indicates that the BBB effectively restricts proteins
and large molecules from the earliest developmental stages [129].
In the human telencephalon, BBB formation starts early in prenatal
life, with critical structural and molecular characteristics appearing
between 12 and 18 weeks of gestation [130]. Analysis of the
cortical plate microvasculature through immunohistochemistry
and electron microscopy shows that the BBB-specific glucose
transporter GLUT1 is present at both time points, mainly along the
abluminal and lateral surfaces of endothelial cells. At 12 weeks,
ECs are linked by short junctions featuring discrete membrane
fusion sites, whereas by 18 weeks, these evolve into elaborate
tight junctions [130]. Tight junction proteins, such as occludin and
claudin-5, are observed in ECs at 12 weeks, initially distributed in
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the cytoplasm before relocating to cell boundaries, where they
form incomplete, patchy junctions [131]. By 18 weeks, these tight
junctions develop into sophisticated, nearly continuous networks,
closely resembling those of the adult BBB [131]. Nevertheless,
some research suggests that the overall levels of key transmem-
brane tight junction proteins (occludin, claudin-5, and JAM-1)
remain relatively stable between 16 and 40 weeks of gestation,
showing no marked increase in expression over this period [132].

NEUROVASCULAR COUPLING
Another important function of the blood vessels is involved in
neurovascular coupling that is regulated in terms of neuronal
activity. The mechanism by which neuronal activity regulates the
cerebral blood flow (CBF) for using oxygen is known as
neurovascular coupling [133]. CBF, blood oxygen level dependents
(BOLD), glucose, and regulatory molecules are crucial for assessing
defects in neurovascular coupling. Several studies use functional
Magnetic resonance imaging (MRI) to understand the effect of
neuronal function by CBF in various CNS diseases via measuring
the BOLD signals [109, 134–140]. The components of the
neurovascular unit, including neurons, astrocytes, BBB, ECs, and
pericytes control the cerebral blood for maintaining neuronal
activity [141]. Molecular signaling such as neuronal Nitric Oxide
Synthase (nNOS), glutamate and N-methyl-D-aspartate (NMDA)
interaction in neurons, and glutamate and prostaglandin crosstalk
are known to regulate neurovascular coupling [142–144]. This is
required to fulfill the growing demands of oxygen which is always
higher than the demands for proper neuronal function in the
brain, known as hyperemia. Moreover, it is associated with the
waste-removal process of the brain.

VASCULAR CONTRIBUTION TO NEUROGENESIS
The transition of proliferative and multipotent neural stem cells
(NSCs) into fully differentiated neurons is called neurogenesis. In
mice, cortical neurogenesis begins around E 9–10, where
neuroepithelial cells begin to acquire features associated with
RGCs and continue until birth, primarily within the VZ and SVZ of
the developing brain [145]. In humans, cortical neurogenesis
follows a similar but more prolonged timeline, starting around GW
7 and continuing until mid-gestation [146]. Even though
neurogenesis and angiogenesis share the same developmental
timeline, little is known about how cerebral vessels influence
embryonic neurogenesis.
The early developed VZ is avascular, where neural epithelial

cells transform into apical radial glial cells (aRGCs). These aRGCs
divide symmetrically and proliferate, increasing their density in
this hypoxic, avascular niche [147]. This hypoxic zone induces the
expression of hypoxia-inducible factor-1α (HIF-1α) in NSCs or
aRGCs and elevates the expression of VEGF, which attracts
cerebral vessel growth toward them [147, 148]. In both mice
and humans, nascent blood vessels in the embryonic brain extend
filopodia toward the ventricular surface to establish contact with
apical progenitors. Experimental enhancement of filopodia density
through endothelial cell-specific KO of sphingosine-1-phosphate
receptor (S1P1) or Recombination Signal Binding Protein for
Immunoglobulin Kappa J Region (RBPJ) (a Notch transcription
factor) prolongs NP mitosis and promotes neuronal differentiation.
Additionally, VEGF-A further induces filopodia growth [149].
However, VEGF is also reported to promote neurogenesis.
Angiogenesis alleviates hypoxia in the neurogenic zone and
promotes neural stem cell differentiation [150]. Furthermore,
when vascular development is disrupted during CNS develop-
ment, cortical NSC expansion increases at the expense of NSC
differentiation. This switch is controlled by HIF-1α in NSCs [38].
Through co-culture experiments with endothelial and perivas-

cular cells and both embryonic and adult NSCs, it has been

reported that NSCs respond to soluble factors released by ECs
[151]. These factors promote the self-renewal of NSCs, enabling
extensive production of projection neurons and interneurons
in vitro. However, this interaction inhibits differentiation, as newly
produced stem cells differentiate only in the absence of ECs [151];
this result contradicted Lange et al. [150], and Chou et al. [152],
where angiogenesis or EC co-culture promotes NSC differentiation
[150, 152]. The contradiction in the studies likely stems from
context-dependent roles. Shen et al. use the mouse embryonic
stem cells and adult endothelial cell lines, which are not in the
developmental stage [153]. In contrast, Lange et al. [150] use
in vivo studies to show that the release of hypoxia by
angiogenesis triggers the differentiation of NSCs [150]. Chou
et al. [152] were using adult human brain ECs with human NSCs
[152]. This discrepancy may also be due to differences in
experimental conditions, models, or signaling environments.
Additionally, vascular smooth muscle cells do not support this
self-renewal and differentiation process [153].
Many studies indicate that vascular ECs enhance neuronal

proliferation, neurite outgrowth, synaptic activity, and increased
action potential and neuronal functions [154–157]. These func-
tions are largely attributed to the signaling molecules secreted by
the vascular ECs, such as the VEGF, Brain-Derived Neurotrophic
Factor (BDNF), Nitric oxide, artemin, and endothelin
[156, 158, 159]. The co-culture experiments of the ECs and the
neurons demonstrated increased neuron generation by the
secretory molecules Notch-1 and Hes1 in embryonic brain ECs
[153]. Ex-vivo results prove enhanced neurogenesis and neuronal
migration while studying the co-cultured subependymal zone
explants [156, 160]. Additionally, the interaction of brain ECs and
the neurons increased the action potential of the neurons and the
neuronal pre-Vesicular Glutamate Transporter 1 and postsynaptic
activity (Postsynaptic Density Protein 95) in the co-culture [156].

VASCULARIZATION OF BRAIN ORGANOIDS
The derivation of region-specific neural organoids from human
pluripotent stem cells has greatly enhanced in vitro modeling of
the CNS, closely recapitulating the unique neuronal and glial cell
types that are hallmarks of different brain regions including the
forebrain, hippocampus, thalamus, retina, midbrain, cerebellum,
choroid plexus, and spinal cord [95]. Yet one of the biggest
limitations of these 3D structures is the lack of a functional
vascular system, limiting their growth because of hypoxia-induced
cell death with HIF-1α-positive centers but also diminishing their
physiological relevance [161].
To overcome these challenges, various bioengineering

approaches have been established to incorporate ECs together
with other members of the neurovascular unit (NVU) into
organoids. Strategies such as physical co-culture with ECs, co-
derivation of ECs from organoids [162], and angiogenesis
induction from pre-patterned vascular networks have shown
encouraging results. For example, co-culturing human pluripotent
stem cells (hPSCs) with human umbilical vein endothelial cells
(HUVECs) produces cortical organoids that contain vascular
networks with a viability of over 200 days and are able to
anastomose with host vasculature upon transplantation into the
mouse cortex [157]. In line with this, culturing cerebral organoids
in Matrigel with hPSC-derived ECs was found to vascularize into a
cluster of differentiation (CD)-31 positive vessels surrounding VZ/
SVZ-like structures upon transplantation(157]. Despite these
advances, the vascular plexuses developed in vitro do not
generally reproduce the in vivo pattern of CNS vascularization,
where angiogenesis is initiated from the PNVP and develops
inward.
State-of-the-art methods have attempted to enhance vascular

imitation by introducing (NVU) stromal components—pericytes
and microglia—through assembloid models or genetic
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reprogramming techniques. Assembloids created through the
fusion of neural spheroids with mesodermal aggregates or hPSC-
derived endothelial and stromal cell spheroids not only improve
vascularization and microglial infiltration but also trigger expres-
sion of BBB-specific genes GLUT-1, claudin-5, and ZO-1 [163]. At
the same time, co-derivation methods with VEGF-directed EC
differentiation [164] or with ETV2 reprogramming generate
organoids containing perfusable vascular networks with BBB-like
features, including the development of tight junctions and the
presence of active efflux transporter activity [165].
Transplantation of vascularized organoids into adult mice has

demonstrated the organization of intact NVU elements, including
a developed basement membrane and astrocytic localization of
water channels like aquaporin-4 and Kir4.1 [166], showing the
potential role of astrocytes in vascular maturation. Furthermore,
vascularized organoids demonstrate activation of Wnt signaling, a
critical pathway for angiogenesis in the CNS, and expression of a
number of BBB-forming genes such as VE-cadherin, occludin, and
claudin-5 [166]. The vascularized constructs are also found to
exhibit enhanced neuronal proliferation with greater expression of
Paired Box 6 (Pax6) and phosphorylated Vimentin (p-VIM), and
migratory neuron markers Doublecortin (DCX) and early cortical
neuron markers T-Box Brain Transcription Factor 1 (TBR1)
compared to non-vascularized organoids [167]. Current meth-
odologies enable the engineering of vascular-like tissue in brain
organoids that replicates important features of the BBB and NVU,
they nonetheless fail to fully reproduce the anatomical and
functional complexity of CNS vasculature in vivo.

VASCULAR CONTRIBUTION TO RADIAL GLIAL MIGRATION
Even though several studies support the role of radial glia in
angiogenesis and vascular patterning in the cortex [99, 168, 169],
research on the direct influence of blood cerebral vessels on radial
glia-guided neuronal migration has yet to be explored. Two
distinct progenitor cell types, radial glia and intermediate
progenitors, participate in cortical neurogenesis. Radial glia,
bipolar cells with radial fibers that extend to the pial surface,
divide asymmetrically at the ventricular surface with vertical
cleavage planes to produce a radial glial cell and either a neuron
(direct neurogenesis) or an intermediate progenitor cell [170].
Intermediate progenitor cells are multipolar cells, express the
T-box transcription factor 2 (TBR2), and migrate from the
ventricular surface to undergo symmetrical divisions [170].
Through a series of confocal imaging in the embryonic brain at
E13 and E14, the study showed that intermediate progenitor cells
are spatially and temporally associated with blood cerebral vessels
in the embryonic cortex during neurogenesis. The appearance of
TBR2 cells correlates with the appearance of vascularization, and
TBR2 cells are aligned with the honeycomb pattern of the SVZ
vascular plexus when they are at the ventricular surface [170].
Reelin-Disabled-1 (Dab1) signaling in NPs is important for

cortical lamination [171]. A recent study investigated this signaling
pathway’s role in ECs. Compromising endothelial Dab1 during
early embryonic development results in poorly defined cortical
layers and misplaced cells in the marginal zone. TBR1 and CUX1-
positive cells migrated past their respective layers toward the
marginal zone in the E17.5 brain [172]. However, endothelial Dab1
deletion didn’t affect neurogenesis or the intermediate progenitor
cell positioning, suggesting a functional interaction with post-
mitotic neurons. Postnatal deletion of Dab1 causes post-mitotic
neurons to migrate to layer I. Furthermore, more CUX1-positive
cells were observed in layer IV of Postnatal P8 brains [172].
Together, these studies suggest that projection neurons stay
close to the angiogenic cerebral vessels in a developing cortex,
and the cerebral vessels can provide instructive and permissive
cues for radial glial-supported neuronal migration and cortical
lamination.

VASCULAR CONTRIBUTION TO TANGENTIAL MIGRATION
The cortical interneurons originate from multiple progenitor pools
within the ventral telencephalon subpallium [173]. Distinct pro-
liferative regions in this area include the medial ganglionic
eminence (MGE), which gives rise to parvalbumin (PV)-expressing
cortical interneurons, somatostatin (SST)-expressing cortical inter-
neurons, and the projection neurons of the globus pallidus (GP); the
caudal ganglionic eminence (CGE), which gives rise to vasoactive
intestinal peptide (VIP)-expressing cortical interneurons and Reelin-
expressing cortical interneurons; and the lateral ganglionic emi-
nence (LGE), which gives rise to olfactory bulb interneurons and the
medium spiny projection neurons of the striatum [173].
Unlike projection neurons, cortical interneurons must travel a

long tangential route to integrate into their final laminar allocation
in the cortex [174]. During this journey, interneurons follow
distinct migratory routes that converge in the dorsal cerebral
cortex. Using Glutamic Acid Decarboxylase 65 (GAD65) -GFP
reporter mice, it has been demonstrated that the dual gamma-
aminobutyric acid (GABA) stream formation occurs deep within
the ventral telencephalon. Interestingly, the vascular network in
the cortex forms a day ahead of interneuron migration, and they
share a common path [29]. The interneuron stream splits into two
streams in the ventral telencephalon, with each stream entering
one of two corridors created by the pial and periventricular
vascular networks. Additionally, periventricular ECs express the
GABAA receptor Gabrb3, while Pial ECs express Gabra2 and use
secreted levels of GABA as a molecular cue to guide the two
streams of interneuron migration [175]. EC-specific deletion of
Gabrb3 and vesicular GABA transporter (Vgat) results in defective
angiogenesis, indicating defective migration of interneurons to
the cortex [175]. Another recent study in neonate mice reports
that glutamate controls the cerebral vessel-associated migration
of interneurons. Stimulation of glutamate results in the tissue
plasminogen activator (t-pa) and mmp-9 activity in the pial
migratory route, which is shown to be mediated via the N-methyl-
D-aspartate receptor (NMDAR) mechanism [176]. Further deletion
of the glutamate ionotropic receptor NMDA type subunit 1 (Grin1)
results in a reduction in the population of interneurons in the
superficial cortical layer [176].
VEGFs and their receptors (VEGFRs) play crucial roles in regulating

vasculogenesis and angiogenesis [177]. Neuronal progenitors in the
VZ are considered a source of VEGF(147). Deletion of Vegf from
neuronal progenitors leads to impaired angiogenesis. This high-
lights the importance of endothelial Vegf in interneuron migration
[159]. Embryonic deletion of endothelial Vegfa results in reduced
migration of GABA neurons to the cortex [154].
In another study, the ubiquitous expression of the Vegfa120

isoform was used to disrupt its signaling gradient. Despite an
aberrant vascular network, interneurons still managed to reach the
dorsal cortex during mid-phases of corticogenesis [178]. These
changes were not attributed to altered medial ganglionic
eminence (MGE) progenitor proliferation or changes in their
viability. Further confirming the findings of Li et al. [154],
endothelial deletion of Vegfa alters cortical interneuron numbers,
their intracortical distribution, and their spatial proximity to
cerebral blood vessels [154]. This suggests that interneurons can
respond to chemotropic sources of Vegfa.
Emphasizing the close association of cerebral vessels and

interneuron migration, an increase in vascularization of the MGE
and the underlying mantle region was observed during the period
when mouse interneuron migration was initiated. In the embryonic
mouse brain, vascular density was modulated by manipulating APC
Down-Regulated 1 (Apcdd1), a negative regulator of Wnt/β-catenin
signaling. Loss of function (LOF) of Apcdd1 resulted in reduced
vascular density in the medial ganglionic eminence (MGE), while
gain of function (GOF) increased vascular density. Reduced vascular
density was linked to diminished migration of calbindin-positive
interneurons to the cortex, whereas increased vascular density
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promoted their migration. Moreover, the study demonstrated that
two EC-derived factors—Secreted Protein Acidic and Rich in
Cysteine (SPARC) and Serine Protease Inhibitor Clade E Member 1
(SerpinE1)—play a role in promoting interneuron migration in vitro,
as their removal impaired the endothelial cells’ ability to enhance
migration. In addition, human stem cell-derived interneurons
xenografted into the mouse cortex exhibited increased migratory
behavior and morphological changes following pretreatment with
SPARC and SerpinE1 [179].
Interestingly, vascular association with radial glial progenitors

(RGPs) in the ventral telencephalon influences the proliferation
and migration of interneurons. Distinctly organized RGPs are
found in the ventral telencephalon (MGE/Preoptic Area (PoA)),
where most neocortical interneurons are born [180]. During early
embryonic stages (E11.5-12.5), RGPs are anchored to the pial
basement membrane. However, these RGPs become progressively
anchored to periventricular cerebral vessels as development
progresses. Deletion of Integrin β1 from RGPs disrupts this
association and causes a decrease in progenitor division in the
MGE/PoA [180]. This deletion also leads to a substantial loss of PV-
expressing interneurons and, to a lesser degree, Somatostatin-
expressing interneurons in the neocortex.

VASCULAR CONTRIBUTION TO NEURODEVELOPMENTAL
DISORDERS
Due to the critical role of vascular structure in neurogenesis,
neuronal migration, and cortical development, any alterations in
vascular functions may significantly impact normal brain devel-
opment. Our objective is to gather literature linking vascular
abnormalities with major neurodevelopmental disorders, autism,
ADHD, and schizophrenia.

AUTISM
Autism spectrum disorder (ASD) is a neurodevelopmental condi-
tion characterized by difficulties in social interaction and

communication, alongside repetitive behaviors and distinctive
patterns of learning and attention. The neuropathological changes
associated with ASD begin early in development and persist into
childhood. ASD is associated with organizational defects in the
cortex, hippocampus, brainstem, and cerebellum.
Recent research has underscored the critical role of cerebro-

vascular dysfunction in ASD (Fig. 2). A study focusing on the
16p11.2 deletion, a genetic variant associated with ASD, found
significant vascular abnormalities in a mouse model [181]. These
mice exhibited altered vascular growth, which was linked to the
neurological and behavioral symptoms characteristic of ASD.
Specifically, the study revealed reduced vascular density and
abnormal endothelial cell morphology in the brains of these male
mice [181]. These findings suggest that vascular dysfunction
contributes to the pathophysiology of ASD, emphasizing the
importance of cerebrovascular health in understanding and
potentially mitigating ASD symptoms.
Further genetic studies have identified mutations in the Slc7a5

gene, which encodes a protein transporter found in the BBB that
regulates branched-chain amino acid (BCAA) levels in the brain
[182]. Deleting this transporter in mice led to abnormal brain
development and behavior, while directly administering BCAAs
in the brain improved behavior in these mice [182]. This
indicates that Slc7a5 mutations may contribute to ASD by
affecting BCAA levels in the brain. Moreover, studies in rats with
autism induced by valproic acid showed that memantine
treatment improved BBB permeability, social behavior, commu-
nication, intestinal motility, serotonin levels, and decreased
anxiety and inflammation [183].
The neuropathological changes in ASD show widespread brain

disorganization, affecting regions such as the cortex, hypothala-
mus, brainstem, and cerebellum [124–131]. There is evidence of
disrupted neurogenesis, abnormal brain development, and
irregular neuronal migration in young brains affected by ASD
[184, 185]. It is reported that in children with ASD, cortical neurons
tend to be more numerous, densely packed [184, 186], and smaller
[186–189].

Fig. 2 Vascular Alterations Associated with Neurodevelopmental Disorders: Autism and Attention Deficit/Hyperactivity Disorder (ADHD).
An aberrant angiogenesis pattern is observed in ASD. Abnormal CBF is reported in both ASD and ADHD. BBB is reported to be compromised
in both conditions, as identified by the lower expression of Claudin-3, -5, and -12 in ASD. In contrast, ADHD demonstrates changes with
Claudin-5, occludin, ZO1, and tricellulin. Elevated levels of the inflammatory marker MMP9 are involved in both ASD and ADHD, while MMP2 is
unique to ADHD. Additionally, genetic changes in 16p11.2 and SLC7A5 contribute to vascular pathology in ASD.
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Despite its significance in cortical development, the importance
of cerebrovascular contributions to ASD has been consistently
underestimated. A postmortem study in the autism brain showed
(this is the first cellular study of blood cerebral vessels in ASD
brains) that angiogenesis persists in children and young adults
with ASD past the time it ceases in typically developing individuals
[190]. Non-angiogenic differentiation markers (Ulex Europaeus
Agglutinin-1 (UEA-1), CD146, vimentin, and α-SMA) were similar in
ASD and control samples, whereas angiogenic markers (nestin and
CD34) were found to be highly increased in ASD and almost
nonexistent in controls [190]. Therefore, nestin-positive pericytes
and CD34-positive ECs detect angiogenesis and were both found
to be increased in ASD.
The link between the neural activity and the subsequent

changes in CBF is termed neurovascular coupling. When neural
activity is increased, multiple mechanisms interplay to increase
blood flow. These include vasoactive agents (ie, nitric oxide,
potassium ions, hydrogen ions, adenosine, and carbon dioxide).
Functional MRI (fMRI) is a powerful tool used to measure
neuronal activity by detecting changes in blood flow, allowing
researchers to visualize and understand brain function in real-
time. The deficits of monitoring errors were determined using
fMRI by comparing the Go and No-go tasks performed in 8–12-
year-old autistic children to the typical developing children (TD)
[191]. Unlike TD, autistic children showed high BOLD signals in
the anterior medial prefrontal cortex and the left superior
temporal gyrus, suggesting high neuronal activity in autistic
children [191]. Moreover, the resting cerebral blood flow (rCBF)
measured by pulsed arterial spin labeling MRI was higher in the
frontal white and grey matter in the subcortical region of the
ASD participants than in the TD [192]. Another study with diffuse
correlation spectroscopy (DCS) indicates a change in the rCBF in
the right and left hemispheres of ASD children versus TD
children [193]. These findings support the alterations in the
cerebrovascular components in ASD patients, comparing the
defects in the BBB, angiogenesis, cerebral blood flow, and
neurovascular uncoupling. As the neuronal activity regulates the
CBF, its mediator astrocytes play a crucial role in communication
between neuronal connectivity and blood flow regulation.
Interestingly, a study pointed out an increase in the expression
of astrocytic markers connexin 43 in Brodmann’s Area 9 (BA9)-
superior frontal cortex and decreased aquaporin-4 in the
cerebellum of the patients with autism, indicating abnormal
astrocyte connections in the NVU which is critical for the
neurovascular coupling [194].

ADHD
Attention Deficit/Hyperactivity Disorder (ADHD) is a neurodeve-
lopmental disorder characterized by inattention, hyperactivity,
and impulsiveness. The way in which CNS vasculature impacts the
development and progression of ADHD and its influence on the
cortex is not clear in disease pathology (Fig. 2).
In an animal model of ADHD, Spontaneously Hypertensive

Rats (SHR), elevated levels of MMP2 and MMP9 and decreased
levels of tight junction proteins (ZO-1 and occludin) were
observed [160], indicating BBB structural damage due to
neuroinflammation and excessive autophagy. In the same
animal model, higher levels of monocarboxylate transporter 1
(MCT1) were found in the hippocampus, particularly at the BBB
ECs [195]. This study linked this upregulation to a compensatory
mechanism where hyperactivity in ADHD may increase skeletal
muscle lactate production and transport it into the brain to
mitigate energy deficits.
Neuropathological defects in the ADHD brain include poor

connectivity between the supplementary motor area and the left
amygdala, as well as reduced activity in the superior and left
medial frontal gyri, which was also related to ADHD [196]. Data

from the Healthy Brain Network showed that ADHD children had
diminished network efficiency and structural connectivity in
default mode networks, with advanced structure-functional
coupling but reduced cognitive flexibility. Medication improved
neural flexibility in ADHD participants [197].
Aiming to investigate the serum levels of BBB tight junction

proteins claudin-5, occludin, zonulin, and tricellulin in children
with ADHD compared to controls, the study by Ferahkaya et al.
revealed significantly lower levels of claudin-5 and tricellulin in the
ADHD group, indicating compromised BBB integrity [198]. No
significant differences were observed for zonulin and occludin.
These results suggest that alterations in specific tight junction
proteins may contribute to BBB dysfunction in ADHD.
For understanding the cerebrovascular defects in ADHD, there

are several reports that describe the change in the cerebral blood
flow and defective neurovascular coupling. Compared to TD
children, those with ADHD exhibit lower whole-brain CBF(CBF)
amplitude of low-frequency fluctuation (ALFF) [196]. Regionally,
ADHD children show reduced CBF-ALFF coupling in the bilateral
thalamus, right parahippocampal gyrus, and the default mode
network, including the left anterior cingulate. Decreased coupling
is also observed in the executive control network, while increased
coupling is seen in the attention and somatosensory networks
[196]. Another study examined brain dysfunction in adults with
ADHD by monitoring changes in blood flow and functional
connectivity. Adults with ADHD showed reduced resting-state CBF
in large-scale networks like the somatomotor, ventral attentional,
and limbic networks compared to controls [199]. Hypoperfusion in
the left putamen and left amygdala was linked to ADHD
symptoms.
Other studies underscore the importance of Prefrontal blood

flow dysregulation in the disorder’s pathogenesis and treatment.
The first study by Spalletta et al. evaluated young drug-naive
ADHD outpatients without structural brain abnormalities using
single photon emission computerized tomography (SPECT)
[200]. The findings revealed decreased rCBF in the left
dorsolateral prefrontal cortex (DLPFC) compared to the right
DLPFC. There were significant correlations between age and
rCBF in both the dorsolateral and orbital prefrontal cortex
regions. Higher severity of clinical symptoms and neuropsycho-
logical attention impairment were associated with higher right
relative rCBF and lower left relative rCBF [200]. The second study
by Lee et al. investigated the effects of long-term methylphe-
nidate treatment on rCBF in ADHD children. Drug-naive ADHD
children showed decreased rCBF in the right orbitofrontal cortex
and middle temporal gyrus, with increased rCBF in the
dorsomedial prefrontal and somatosensory areas bilaterally.
Post-treatment, methylphenidate normalized rCBF in the orbito-
frontal cortex and somatosensory areas and induced a sig-
nificant reduction in rCBF in the right striatum [201]. These
changes were associated with improved ADHD symptoms,
suggesting that methylphenidate enhances attentional control
and motor response by modulating aberrant vascular activity in
healthy adults.
Methylphenidate is an FDA-approved stimulant primarily used

to treat ADHD in children and narcolepsy in adults [202]. It blocks
catecholamine transporters and acts as a dopamine agonist in the
basal ganglia [203]. While its efficacy and safety in treating ADHD
in both children and adults are well documented, it is currently
under investigation for potential applications in children with ASD
[204, 205]. Methylphenidate has notable effects on CBF. Studies
have shown that methylphenidate increases CBF in specific brain
regions, which is associated with its therapeutic effects. Methyl-
phenidate enhances CBF in the prefrontal cortex, a region critical
for attention and executive functions, and this increase is linked to
improved cognitive performance and symptom relief in indivi-
duals with ADHD [206, 207]. The drug’s action on norepinephrine
and dopamine transporters leads to increased availability of these
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neurotransmitters, which in turn affects neurovascular coupling,
ensuring that active brain regions receive more blood flow,
supporting enhanced neuronal activity [208]. The impact of
methylphenidate on CBF can vary with age, with younger
individuals experiencing different patterns of blood flow changes
compared to adults, reflecting developmental differences in brain
function and structure [206, 209, 210]. Chronic use of methylphe-
nidate has been associated with sustained changes in CBF, which
may contribute to its long-term efficacy and safety profile.
However, more research is needed to fully understand these
effects [206].

SCHIZOPHRENIA (SZ)
SZ affects approximately 1% of the global population and is
characterized by hallucinations, delusions, alogia (poverty of
speech), anhedonia (loss of pleasure), negative thoughts, and
cognitive impairments in memory and learning [211]. Typically
emerging in adolescence or early adulthood, SZ is linked to
developmental abnormalities in early brain growth, positioning it
as a neurodevelopmental disorder [212].
There is a genetic association between vascular malformation

and SZ development. The 22q11.2 deletion syndrome (22qDS) is a
genetic disorder characterized by a deletion on chromosome
22q11.2, leading to variable phenotypic expressions, including a
significantly increased risk of developing SZ in mice [212]. This
genetic syndrome can increase the likelihood of SZ by more than
20-fold. 22q11 deletion syndrome (22q11DS) is associated with a
75% reduction in claudin-5 expression in cerebral ECs, implicating
BBB integrity and vascular health in SZ pathology [212]. In animal
models, AAV-mediated reduction of claudin-5 expression induces
anxiety-like behaviors and cognitive deficits, underscoring the
critical role of BBB dysfunction in SZ [212].
Microarray hybridization analysis in mouse E-13.5 CNS ECs

revealed periventricular ECs gene profile classification enriched in
disease categories like SZ, nervous system diseases, epilepsy,
autism, mood, and depressive disorders [29]. ECs are crucial in
vascular development in the CNS.
Researchers are utilizing patient-derived induced pluripotent

stem cells to gain deeper insights into the pathology of SZ.
Research has increasingly focused on the connection between
angiogenesis, SZ, and vascular endothelial growth factor A
(VEGFA). Elevated serum VEGFA levels have been observed in
patients with SZ and are associated with structural abnormalities
in the prefrontal cortex [213]. Studies using SZ patient-derived
induced pluripotent stem cells (iPSCs) have demonstrated
impaired angiogenesis; conditioned media from SZ-iPSCs was
notably less effective at inducing angiogenesis in vitro and
in vivo in chicken embryos, compared to control media [214].
Recent organoid studies derived from SZ patients have shown a
higher proportion of ECs, along with an increased expression of
VEGFA and alterations in angiogenic pathways compared to
controls [215]. These humanized models also revealed BBB
disruption, evidenced by increased permeability and altered
distribution of tight junction proteins such as claudin-5 and ZO-1
due to the higher expression of VEGFA [216]. Also, astrocytes
generated from SZ patient’s IPSCs induced an inflammatory
response, which in turn altered vascular development in the
chick embryo [217].
Due to the abnormal vascular structure or neuronal activity, the

blood flow changes. There is a reduction of CBF in the frontal,
occipital, and parietal lobes of SZ individuals, which was
investigated by a noninvasive technique, arterial spin labeling
[211]. Katsel P., in 2017, described developmental CNS abnorm-
alities and altered CBF in SZ [218]. Moreover, Patients with SZ
demonstrate reduced cerebral blood volume and cerebral vessel
abnormality in the CNS, which is observed specifically in the visual
and prefrontal cortex of both hemispheres [219].

The evidence linking vascular abnormalities to SZ underscores
the critical role of vascular development in the CNS for
understanding SZ pathology. Impaired angiogenesis, BBB dysfunc-
tion, and altered CBF observed in SZ highlight the need for further
exploration of endothelial cell function and vascular-related
pathways. Investigating these mechanisms through animal- and
patient-derived models may uncover therapeutic targets to
address neurovascular defects that contribute to SZ.

CONCLUSION AND FUTURE PERSPECTIVE
Current evidence supports the significance and influence of CNS
vascular structure in all aspects of cortical development, including
neurogenesis, neuronal differentiation, and migration. However,
we are beginning to understand the underlying mechanisms
mediating vascular-regulated cortical development. As discussed
in the review, we have substantial knowledge of how cerebral
vessels develop in the embryonic brain. Additionally, bulk mRNA
sequencing and single-cell RNA sequencing techniques have
provided information on the genetic profile of CNS ECs during
development and adulthood compared to peripheral ECs
[220–224]. We now have information on the unique set of genes
expressed by CNS ECs of arteries, veins, and capillaries, which
partially explains the heterogeneity among brain ECs [221, 225].
However, the molecular mechanisms driving this heterogeneity
have not been identified. The role of neurovascular interaction
during development and adulthood in driving spatiotemporal
transcriptomic heterogeneity is also not yet understood.
In CNS, pericytes appear around E 9.5 in mice. Pericytes are

essential for the stabilization and maturation of cerebral blood
vessels, as well as for maintaining the BBB. Some recent studies
demonstrate that they regulate neuronal survival, neurogenesis,
and axonal development and affect neurovascular coupling
[226–228]. A glycoprotein, vitronectin, expressed by the pericytes,
regulates neurogenesis. The treatment with vitronectin antibody
or in a knockout in mice ablated the neurogenesis and reduced
the expression of pro-neurogenic CNTF [226]. Another molecule of
pericytes, pleiotrophin knockout, impaired the pericytes and
induced neuronal loss in mice [227]. Interestingly, pericyte
degeneration has been associated with reduced oxygen supply
and hampered neuronal excitability in mice [228]. To our
knowledge, no study has reported the role of pericytes in
neuronal migration and their organization in the developing
cortex.
The contribution of CNS ECs to neurogenesis has been primarily

elucidated through in vitro studies. Vascular models that inhibit
cerebral vessel growth are not ideal for studying neurogenesis, as
a hypoxic environment is known to induce neurogenesis. CNS EC-
specific Cre animal models and viral models are now available and
can be utilized to study neurovascular interactions and validate
the in vitro neurogenesis findings.
Moreover, the interaction between blood cerebral vessels and

radially migrating neurons, or projection neurons, is not well
studied. During cortical development, the number of projection
neurons is significantly higher, and they are in close contact with
blood cerebral vessels. According to Segarra et al., cerebral vessels
participate in the migration of projection neurons through the
Dab1-Reelin pathway [172]. However, an alternative argument
suggests that Dab1 EC knockout affects normal vascular develop-
ment, which may indirectly influence neurogenesis and neuron
migration. Additionally, this study did not examine interneurons,
leaving it unclear whether the observed effects are general or
specific to projection neurons.
Finally, several brain disorders are accompanied by defects in

cortical development (e.g., Autism, ADHD, epilepsy) [229–234].
Understanding the vascular role and the precise mechanisms of
neurovascular communication that are disturbed in these
conditions is crucial. Elucidating these mechanisms can provide

L.K. Ahirwar et al.

5961

Molecular Psychiatry (2025) 30:5953 – 5966



insights into how vascular abnormalities contribute to cortical
malformations and inform the development of targeted
therapies to correct or mitigate these defects. Additionally,
many neurological diseases injure the normal cortical layering
(e.g., stroke, TBI Alzheimer’s disease, and the damage is
permanent [235–237]. NP transplantation can be a promising
approach; however, it has not successfully integrated neurons
into the desired cortical layers. Several studies have claimed that
transplanted NPs stay close to cerebral vessels [238–240].
However, the adult cerebral vessels likely lack the develop-
mental mechanisms to orchestrate the migration of these NPs in
the cortex. To overcome this challenge, it is crucial to under-
stand the neurovascular interactions that orchestrate the
migration of NPs in the cortex and to utilize these develop-
mental mechanisms to achieve cortical regeneration.
Despite the crucial role of CNS cerebral vessels in neurogenesis,

neuronal migration, and cortical development, our understanding
of their involvement in neurodevelopmental disorders such as
autism and ADHD is still in its infancy. Investigating neuronal or
cortical defects in embryonic vascular models is essential for
gaining deeper insights into these diseases. Additionally, testing
new vascular deletion models is important for elucidating their
significance in the pathology of neurodevelopmental disorders.
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