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SUMMARY

In recent years, neural organoids derived from human pluripotent stem cells (hPSCs) have offered a transfor-
mative pre-clinical platform for understanding central nervous system (CNS) development, disease, drug ef-
fects, and toxicology. CNS vasculature plays an important role in all these scenarios; however, most pub-
lished studies describe CNS organoids that lack a functional vasculature or demonstrate rudimentary
incorporation of endothelial cells or blood vessel networks. Here, we review the existing knowledge of vascu-
larization during the development of different CNS regions, including the brain, spinal cord, and retina, and
compare it to vascularized CNS organoid models. We highlight several areas of contrast where further bioen-
gineering innovation is needed and discuss potential applications of vascularized neural organoids in
modeling human CNS development, physiology, and disease.

VASCULARIZATION DURING HUMAN NEURAL TUBE
MORPHOGENESIS

Spatiotemporal progression of neural tube
vascularization

In the embryo, human cranial vasculature (Figure 1A, left) begins
forming ~21 days post-fertilization (~Carnegie stage [CS] 9),
which is prior to primordial heart tube beating (~22/23 days)
and initiation of neural tube closure (~CS 10/11). By CS 10, the
dorsal aortas have formed and extend along the embryo from
the developing primitive forebrain to the elongating posterior
CNS, i.e., hindbrain and spinal cord, producing segmental
branches at each somite.” By CS 13 (~30 days), there is a singu-
lar vein at the ventral midline of the developing brain called the
vena capitis medialis, also known as (a.k.a.) the primary head
vein, which eventually bifurcates into two major head veins that
form the primitive cranial sinuses and drain into the anterior car-
dinal vein.? Simultaneously, the internal carotid arteries form
from the dorsal aorta and bifurcate to form precursors of cranial
and caudal portions of the circle of Willis (Figure 1A, right), an
arterial anastomotic structure responsible for supplying blood
to the brain.® By CS 21 (~52 days), all components of the circle
of Willis can be readily distinguished."** Thus, approximate with
the earliest stages of avascular neural tube development, the
surrounding cerebral arterial and venous structures are already

being established. A more detailed description of human cranial
artery development, from Streeter, Congdon, and Padget’s ob-
servations of Carnegie collection embryos, has been elegantly
summarized in a recent review by Bertulli and Robert.’
Concurrent with the formation of major cranial arterial and
venous structures, the development of the perineural vascular
plexus (PNVP), a.k.a. pial capillary anastomotic plexus, initiates
within the meningeal compartment, i.e., superficial to the neural
tube’s pial surface, between the 2" (~CS 6) and 4" (~CS 10)
gestational week (GWs).5® After ~CS 9/10, PNVP formation is
induced by vascular endothelial growth factor (VEGF)-A gradi-
ents emanating from the developing neural tube.° CD34* he-
mangioblasts migrate from mesodermal compartments toward
the developing CNS and form “blood islands” (Figure 1B). Within
these islands, they continue to differentiate into CD31* endothe-
lial progenitors and undergo fusion to form the primitive PNVP."®
Quail-chick and mouse-quail chimera studies of CNS vascula-
ture indicate that endothelial cells (ECs) are incorporated into
the PNVP by vasculogenesis.” However, more recent three-
dimensional (3D) analysis of mouse embryonic vasculature via
optical projection tomography suggests that the PNVP arises
through a combination of vasculogenesis and angiogenic re-
modeling of existing vasculature in both the head and trunk re-
gions."" By ~CS 17, the anterior, middle, and posterior menin-
geal plexuses have formed; the anterior plexus is associated
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with the developing forebrain, middle plexus with the midbrain,
and posterior plexus with the hindbrain.

The timing of PNVP invasion of the neural tube is debated and
depends on the rostral-caudal or dorsal-ventral region being
referenced. Along the rostral-caudal axis, the timing of neural
tube closure slightly precedes that region’s vascularization. Neu-
ral tube closure initiates primarily from a single point at the inter-
face between the midbrain and hindbrain (near somites 3 and 4)
and secondarily from a putative closure initiation point in the
rostral forebrain'® (Figure 1C). Light and electron microscopy
studies of human embryos suggest that microvasculature is pre-
sent within the neural tube as early as the 5™ gestational week
(GW; ~CS 14/15). Angiogenesis begins first in caudal portions
of the midbrain and brainstem and progresses rostrally to include
cortical vascular invasion by the ~6""-7"" GW (~CS 17-19/20).>"®
This timing appears to conflict with the analysis of human prosen-
cephalic histologic sections prepared using the Golgi staining
method. In these sections, microvascularization was not obse-
rved until the 8™ GW (~CS 22/23), corresponding with dorsal
forebrain cortical plate formation as indicated by the presence
of CTIP2* pyramidal neurons and after the generation of apically
oriented TBR1* neuronal pre-plate and basally positioned Reelin*
Cajal-Retzius cells.>'* However, the disagreement may be
because PNVP invasion initiates in ventral aspects of the neural
tube prior to proceeding to dorsal regions.'® Thus, the global pro-
gression of neural tube vascularization corresponds spatially with
neural tube closure and development. Along the dorsal-ventral
neuraxis, PNVP invasion proceeds from ventral to dorsal regions.
Along the rostral-caudal neuraxis, vascularization proceeds from
the mesencephalon (midbrain) and metencephalon (hindbrain)
rostrally to the diencephalon and telencephalon (forebrain) as
well as caudally through the myelencephalon and spinal cord
(Figure 1C). This progression is supported by previous studies
conducted by Klosovskii, Strong, Gamble, Bar and Wolff, and
others in mouse, rat, rabbit, and human embryos.®°

The neural tube’s pial boundary, a.k.a. the external glial limiting
membrane (EGLM), is composed of basal lamina secreted from
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radial glia endfeet and separates the PNVP from neural tube tis-
sue.? Vascularization by the PNVP initiates via fusion of capillary
vascular and pial glial laminae followed by EGLM perforation by
filopodia from capillary ECs (Figure 1D, right). The capillaries pro-
ceed to invade the neural parenchyma, growing radially via
sprouting angiogenesis along a VEGF gradient.’” As angiogen-
esis is initiated, these vessels begin to acquire properties such
as selective regulation of solute transport and expression of inter-
cellular junctions traditionally associated with the blood-brain
barrier (BBB).'®° They grow into the neural tissue along the
paths of radially oriented neural progenitors and radial glial
cells®"?? (Figure 1D, left). However, these vessels persist as an
extrinsic structure via the presence of the circumferential
Virchow-Robin compartment (V-RC), which remains open to
the subarachnoid space indefinitely, serving as the precursor to
the brain’s perivascular glymphatic system.®?® Moreover, the
intracerebral vascular smooth muscle cells/pericytes of the neu-
ral crest or mesodermal ontogeny enter the V-RC at the onset of
vascularization.>**"?” These facets of CNS vascularization are
often excluded from vascularized neural organoids despite form-
ing simultaneously in vivo. Moreover, in addition to this section’s
general description of CNS vascularization, different neural tube
regions have distinct nuances associated with their vasculariza-
tion. Notable differences between forebrain, retina, midbrain,
hindbrain, spinal cord, and choroid plexus (ChP) vascularization
will be discussed below, as they will be important for the bio-
mimicry of corresponding region-specific neural organoids.

Forebrain vascularization

The telencephalon, i.e., rostral forebrain, is vascularized by a com-
bination of the PNVP (discussed prior) and the periventricular
vascular plexus (PVP; also referred to as the subventricular
plexus; Figure 2A). There are competing hypotheses on the mech-
anisms by which the PVP arises. One viewpoint suggests that the
periventricular vessels arise as branches of the PNVP.%%" For
example, as the invading capillaries of the PNVP reach the apical
neuroepithelium within forebrain ventricles, they begin to branch

Figure 1. Anatomy and development of CNS vasculature

(A) The leftmost diagram shows the major vessels of the human embryo at CS 13 in relation to the forebrain, midbrain (Mb), hindbrain, and spinal cord (neural tube
morphology outlined in yellow). Substructures of the nervous system, including the budding cranial nerves (CNI-XII) and cervical spinal nerve nuclei (C1-7) are
also shown. The paired dorsal aortas, which run along the rostral-caudal axis of the embryo, give rise to the aortic arches and their derivatives, including the
primitive internal carotid artery (ICA) and its finer branches. The primary head vein is also evident at this developmental stage. In the middle diagram, major brain
arteries, including the circle of Willis, are shown in a sagittal view of a human embryo at CS 20. Vessels corresponding to the circle of Willis and its branches are
shaded in white and labeled in green. The far-right diagram shows the transition of circle of Willis anatomy from CS 20 to CS 21. While most of the circle of Willis is
well developed at CS 20, the anterior communicating artery (AComm) forms by CS 21. Vessels corresponding to those shown in the middle diagram are shaded in
white. Left and middle diagrams are adapted from Bertulli and Robert' and Raybaud.? Right diagram is adapted from Takakuwa et al* ACA, anterior cerebral
artery; ICA, internal carotid artery; Mb, midbrain; MCA, middle cerebral artery; PCA, posterior cerebral artery; PCommA, posterior communicating artery.

(B) The PNVP begins to develop at CS 9-10. Blood islands surrounding the developing neural tube form through the fusion of CD34" hemangioblasts and
subsequent differentiation into CD31* endothelial progenitors. Further fusion results in PNVP formation. The diagram was created with BioRender.

(C) Vascularization of the neural tube follows the directionality of neural tube closure, which begins at ~CS 10 at the midbrain/hindbrain boundary and proceeds
rostrally and caudally from this closure point. A second putative neural tube closure initiation site is located in the rostral forebrain. PNVP vessels penetrate the
neural tube between ~CS 14 and ~CS 23, based on variable literature reports. Vessel penetration proceeds in a ventral-to-dorsal direction and rostrally or
caudally from respective neural tube closure sites. The top diagram created with BioRender. The bottom diagram was adapted from Wallingford et al.®

(D) A transverse section of the neural tube is shown with radial penetration of PNVP vessels toward the luminal surface (right side). A more detailed diagram (left
side) shows the progression of penetrating vessels throughout early cortical plate development. The thickness of the neural tissue between the PNVP and the CSF
increases over time, and neural progenitors present in the subventricular zone differentiate into neuronal subtypes that occupy deep and superficial cortical
layers. Primitive vessels from the PNVP penetrate the glial limiting membrane, and extensions of the subarachnoid space, called the Virchow-Robin compart-
ment, accompany the vessels along their path. Over the course of development, penetrating vessels also branch laterally and form connections with neighboring
vessels. The right diagram was adapted from Raybaud.? Both diagrams were created with BioRender.
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Figure 2. Developmental vascular architecture of different CNS regions

(A) Forebrain: between CS 14 and CS 15, the periventricular plexus (PVP; shown in blue near the ventricle), which is initially present in the ventral telencephalon,
spreads to the dorsal telencephalon. Vascularization by the PVP also proceeds in a caudal to rostral direction. The perineural vascular plexus (PNVP; shown in
green) is present before the establishment of the PVP and forms connections with the PVP. Telencephalic coronal plane slices were adapted from portions of
Carnegie embryo sections from the Virtual Human Embryo resource (Endowment for Human Development, https://www.ehd.org/virtual-human-embryo/).

(B) Retina: before maturation of the retinal vasculature, two primary blood sources around the retina are the hyaloid artery and its branches (vasa hyaloidea
propria), which supply blood to the developing lens and the surface of the inner retina, as well as the choriocapillaris, which supplies the retinal pigment epithelium
and photoreceptors. The image was created with BioRender.

(C) The retinal vasculature is organized into three layers: the superficial, intermediate, and deep vascular plexuses, located in the GCL and NFL, IPL, and between
the INL and OPL, respectively. The image was created with BioRender.

(legend continued on next page)
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at right angles and anastomose to form the PVP in the subventric-
ular zone (SVZ), a site of continual neurogenesis throughout devel-
opment and adulthood. Another hypothesis is that PVP vascula-
ture is derived from a basal vessel (originating from pharyngeal
arch arteries) located deep on the floor of the telencephalic vesicle
in the basal ganglia primordium® 2 independent from the PNVP.
In this scenario, by the time the PNVP superficially circumscribes
the neural tube, a separate population of periventricular vessels is
seen halfway between the pial and ventricular surfaces of the
developing brain.'® Yet, another hypothesis, and the most likely
scenario, is that the PVP originates from a combination of
branches of PNVP perforating vessels (PVs) as well as from the
pharyngeal arch artery-derived basal vessel. Connection of the
pial vessels of the PNVP and the periventricular vessels may
represent the earliest form of arteriovenous communication in
the telencephalon.’® Based on the findings from 3D scanning
electron microscope reconstructions of vascular corrosion casts
of embryonic mouse brains, it is likely that the periventricular ves-
sels develop into an arterial network and the pial vessels (from the
PNVP) develop into venous sinuses.”

In mice, the PVP begins to form slightly after definitive estab-
lishment of the PNVP in the forebrain. In embryonic day (E)9 mice
(CS 11), periventricular vessels are initially restricted to the
ventral telencephalon, '® and by E10 (CS 13/14), they have begun
to form a plexus (PVP) in the ventral telencephalon''® (Fig-
ure 2A). By E11 (CS 15), periventricular vessels are present in
the dorsal telencephalon via migration from the ventral telen-
cephalon. Migration of periventricular ECs also aligns with the
migration path of GABA neurons during development. However,
the ECs migrate in advance of the neurons.'>*? Vascularization
of the telencephalon by periventricular vessels is directed by
EC-intrinsic expression of region-specific homeobox transcrip-
tion factors that are typically associated with either ventral
(Nkx2.1, DIx1/2) or dorsal (Pax6) neural progenitors. These tran-
scription factors are also responsible for the dorsal-ventral
regionalization of the neuroepithelial tissue of the developing
telencephalon.’® The PVP extends not only in a ventral-to-dorsal
direction but also in a medial-to-lateral direction, eventually ex-
tending across both lateral ventricles."® Furthermore, the ECs
that comprise the PNVP and PVP vessels are transcriptionally
distinct; genes associated with various processes in embryonic
forebrain development including neurogenesis, differentiation,
morphogenesis, migration, chemotaxis, and axon guidance are
enriched in PVP ECs.*

Retina vascularization

The timing of human versus rodent eye vascularization differs
substantially. Human retinal vascular development begins during
embryonic stages and is nearly complete at birth, whereas
mouse retinal vasculature only starts to develop at birth and
completes around 3 weeks postnatally.>*=° Like the forebrain,
two separate vascular systems are present at the start of embry-
onic eye development, but neither vascularizes the developing
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retina. The choriocapillaris supplies the outer surface of the
developing retina, while the hyaloid arteries supply the inner sur-
face of the developing retina and lens®* (Figure 2B). Around the
4" GW (~CS 12), mesoderm near the optic cup differentiates
into endothelium that will become the choriocapillaris, and the
primitive dorsal ophthalmic artery branches to establish the hy-
aloid artery.*® At 6 GWs (~CS 17), there is an extensive vascular
network in the vitreous of the eye; however, patchy labeling for
early endothelial markers in the choriocapillaris, including
CD31, CD34, and CD39, indicates the immaturity of this struc-
ture. In the eyes of 6-8 GW human embryos (~CS 17-22), scat-
tered CD39" retinal angioblasts are present in the inner retina but
have not yet started to coalesce into a vascular plexus. Further-
more, there are no detectable pericytes (NG2*), smooth muscle
cells (SMA™), or glial cells (Pax2*, GFAP*),*” which are compo-
nents of a mature blood-retina barrier (BRB). Eventually, the cho-
riocapillaris and the hyaloid system anastomose to form a
connection that acts as the hyaloid’s venous drainage,*®
although the timing of this event is unclear.

Although the choriocapillaris persists into adulthood and ulti-
mately envelops the entire exterior surface of the optic cup,
the hyaloid vasculature begins to regress around the 2" gesta-
tional month (~CS 22/23; Figure 2C). This occurs through
macrophage-facilitated atrophy of hyaloid branches in the vitre-
ous and lens capsule, terminating in atrophy of the hyaloid artery
itself by the 3™ gestational month.*** Additionally, while the
choriocapillaris develops into a high-flow, fenestrated endothe-
lium that allows for the exchange of gasses, nutrients, and me-
tabolites, the vasculature of the inner retina forms a BRB that
is homologous in function to the BBB, which characterizes
most of the CNS vasculature.®* An additional barrier is provided
by the retinal pigment epithelium (RPE) tight junctions and the
Bruch’s membrane (i.e., the basement extracellular matrix
[ECM] secreted by the RPE around the 6™ GW), which separates
the relatively leaky choriocapillaris from the neural retina.®*

The appearance of the inner retinal vasculature in humans is
significantly delayed relative to the initial development of the
choriocapillaris and the hyaloid system.*® Up to the 4™ gesta-
tional month, the developing retina’s metabolic needs are met
by the branches of the hyaloid arteries.*° By the 120 mm stage
(~16 GWs), the mostly avascular retina consists of many of the
layers present in the adult retina, including the RPE, outer and in-
ner limiting membranes (OLMs and ILMs), outer and inner plex-
iform layers (OPLs and IPLs), inner nuclear layer (INL), ganglion
cell layer (GCL), and nerve fiber layer (NFL); by mid-gestation,
all layers of the adult retina are recognizable®® (Figure 2C).

Vascularization of the human retina initiates through the pro-
cess of vasculogenesis. Prior to 14-15 GWSs, large numbers of
spindle-shaped precursor cells migrate from the optic disk. By
14 GWs, blood vessels extend in two arcades (superior and infe-
rior) just past the outer boundary of the optic nerve head.*” At
14-15 GWs, the spindle-shaped cells, i.e., endothelial precur-
sors, begin to align into an immature vascular tree in the inner

(D) Midbrain: the embryonic midbrain is vascularized between ~CS 10/11 and ~CS 14. Midbrain alar and basal plates are shown in yellow and teal, respectively.
At this stage, the PNVP (shown in green) is present in all areas of the midbrain along the rostral-caudal axis, with penetrating vessels’ abundance increased in
rostral versus caudal regions. The PVP (shown in blue) and its associated penetrating vessels progress in rostral-to-caudal and ventral-to-dorsal orientations as

well. The images were created with BioRender.
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retinal layers®® (Figure 2C). While earlier studies suggested that
these spindle-shaped cells are mesenchymal in origin,* others
have shown more recently that they may be VEGF-secreting
GFAP* astrocytes.®® Throughout the process of vessel forma-
tion, CD39* angioblasts remain ahead of the advancing vascular
front into avascular retinal regions.®” Following formation of an
immature retinal vascular plexus, blood vessel density is
increased through angiogenesis from the optic disk.*® By 16
GWs, the 4-lobe butterfly shape commonly recognized in adult
retinal vasculature has begun to form, with superior and inferior
arcades extending into the temporal and nasal retina.®” From 17
to 21 GWs, the plexus is extended by angiogenesis, and this pro-
cess continues even after birth.

Midbrain vascularization
Although there is very limited information describing vasculariza-
tion of the human embryonic mesencephalon (midbrain), we can
extrapolate some general trends about human embryonic
midbrain microvasculature from mouse studies.'® At E8.5
(~CS 10), PVs originating from the PNVP are visible near the
rostral alar midbrain, while no PVs are seen in the caudal
midbrain (Figure 2D). By E9.5 (~CS 12), the portion of the
PNVP that covers the midbrain seems complete but more
“stretched out” compared to the earlier time point, possibly
due to the expansion of the underlying brain regions. At this
point, PVs contribute to the formation of the PVP (vasculature
that will be associated with the eventual third ventricle), particu-
larly in the pretectum and rostral midbrain. The PVP is most
developed near the basal plate up to the alar-basal boundary.
Overall, there are fewer PVs in the alar midbrain, and a clear
PVP is absent in this region. In the caudal midbrain, the PNVP
is present, but there are not yet PVs. At E10 (~CS 13/14), PVs,
primarily concentrated near the basal plate, are present in the
rostral midbrain, although they are still absent in the caudal
midbrain.'® At E11.5 (~CS 14/15), PVs are present throughout
the rostral-caudal axis of the midbrain but appear more abun-
dant in the alar midbrain.'®

Most of what is known about midbrain blood vessels relates to
the extrinsic vasculature, particularly large arteries that are
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branches of the circle of Willis" (Figure 3A, right). The midbrain
(or mesencephalon) is vascularized anteriorly by branches of
the BA, laterally by the posterior choroidal artery (PChA) and
quadrigeminal artery, which are branches of the posterior cere-
bral artery (PCA), and posteriorly by the quadrigeminal arteries
and superior cerebellar arteries (SCAs). Studies in human em-
bryos indicate that the vascular supply from the PChA develops
around CS 15/16 (36/40 days post-conception [dpc]) at the time
of posterior communicating artery (PCommaA) branching." Later
in development (~CS 18-19), the BA branches continue to
develop as the mesencephalon and fourth ventricle regions
become distinct.” There is no distinct pattern of microvasculari-
zation in specific regions of the midbrain (e.g., substantia nigra,
which is implicated in pathogenesis of Parkinson’s disease).

Hindbrain (including cerebellum) vascularization
In all vertebrates, the BA is the major vascular supply of the hind-
brain. In mouse embryos, hindbrain vascularization begins
around E9.75 (~CS 13). Blood vessels invade the hindbrain
sprouting from the PNVP and grow radially toward the ventricular
zone™? (Figure 3B). From E10, these radial vessels extend parallel
to the ventricular hindbrain surface, turning at near right an-
gles.*® Further, around E10.5 (~CS 14), a subventricular vascular
plexus (SVP) begins to form as neighboring sprouts start to meet
and anastomose.“? The final vascular structure of the hindbrain
is comprised of the proximal, middle, and distal posterior circu-
lation territories, including several branches supplying the
cerebellum.*®

Branches of the basilar artery (BA) and vertebral artery (VA)
provide the main blood supply to the cerebellum (Figure 3C).
The BA branches into two paired arteries, the SCA and anterior
inferior cerebellar artery (AICA); the VA branches to form the pos-
terior inferior cerebellar artery (PICA).**>** The SCA s divided into
medial and lateral branches. The medial branch is responsible
for vascularizing the superior vermis and the neighboring por-
tions of the cerebellar hemisphere surface. The lateral branch
vascularizes the most lateral portion of the superior surface of
the cerebellar hemisphere.”* The AICA arises from the caudal
or middle third of the BA and usually reaches the anterior surface

Figure 3. Developmental and adult vascular architecture of different CNS regions, continued

(A) Midbrain, continued: adult vascular structure of a cross-section of the rostral midbrain is shown. Alar or basal plate-derived structures are colored yellow or
teal, respectively. The image was adapted from Mihailoff et al.*°

(B) Hindbrain: during development, vessels from the perineural vascular plexus (PNVP) ingress into the neural tissue and grow radially toward the hindbrain
ventricular surface. During extension, the vessels turn at near right angles and anastomose, forming a subventricular vascular plexus (SVP).

(C) In the cerebellum, blood supply is provided by branches of the basilar and vertebral arteries (BAs and VAs, respectively). The BA branches into two paired
arteries, the superior cerebellar artery (SCA) and anterior inferior cerebellar artery (AICA). The vertebral artery branches to form the posterior inferior cerebellar
artery (PICA).

(D) Schematic of microvasculature of the cerebellar cortex and subcortical white matter, focusing on a single gyrus. The figure was adapted from Akima et al.*’
(E) Spinal cord: between ~CS 7 and ~CS 10, the PNVP has begun to form around the embryonic spinal cord via fusion of blood islands. At ~CS 14, a complete
PNVP is seen surrounding the spinal cord, with angiogenic penetrating vessels entering the ventricular zone from the ventral aspect of the cord but avoiding the
motor neuron columns. Vessel penetration into the developing spinal cord proceeds in a ventral-to-dorsal orientation, and by ~CS 18, vessels derived from the
PNVP are also observed in the MN columns.

(F) Choroid plexus (ChP): the ChP villous structure containing vasculature is shown. The choroid epithelium acts as an interface between the CSF and the choroid
vasculature (blood-CSF barrier). The fenestrated choroid vasculature lacks tight junctions characteristic of a BBB. Immune cells are shown interacting with both
ChP epithelium and endothelium.

(G) Schematic of the lateral, third, and fourth ventricles in the adult human brain, along with the main arterial branches of the circle of Willis, which supply the ChPs
associated with each ventricle. Dotted arrows from the arteries to the brain are colored according to targeted plexus, and the relative contributions of specific
arteries are indicated by dotted line weight.

The images were created at least partially with BioRender.
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of the simple, superior, and inferior semilunar lobules, as well as
the flocculus, the ChPs of the lateral ventricular recess, and the
middle cerebellar peduncles.** The PICA is also divided into
medial and lateral branches, which supply the inferior cerebellar
vermis, the ChP of the fourth ventricle, and the inferior and pos-
terior surfaces of the cerebellar hemispheres, respectively.*
Venous drainage occurs through the cerebellar veins, divided
into superior, inferior, and anterior cerebellar veins.**

The cerebellar cortex’s microvasculature is comprised of
cortical arteries, which consist of superficial, middle, and deep
cortical branches, subcortical arteries, and medullary arteries*’
(Figure 3D). Although information about microvascularization of
the cerebellar cortex during human neural development is lack-
ing, these arteries likely originate from the PNVP on the surface
of the cerebellar cortex and penetrate at right angles relative to
the cerebellar gyri. The cortical artery branches terminate in mo-
lecular, Purkinje, and granular layers, respectively. The subcor-
tical and medullary arteries terminate in the subcortical white
matter.

Spinal cord vascularization
In the posterior CNS, the PNVP remodels directly from the VA
and the dorsal longitudinal anastomotic vessel, both of which
originate from the posterior wall of the dorsal aorta."’ Spinal
PNVP formation starts around E8.5-E9.5 in mouse embryos
(~CS 11/12) and around E3 in avian embryos*>“® (Figure 3E).
At around E10.5 in mouse embryos (~CS 14), the sprouting of
vessels, which radially invade the primitive spinal cord, is initi-
ated by the action of VEGF and Wnt7a/b expressed by the neural
tissue.'®*7+® Notably, the spinal cord lacks a PVP, unlike the
forebrain and midbrain.*®

Analogous to the forebrain, PNVP sprouting vessels first
invade the ventral spinal cord adjacent to the floor plate (FP)
and lateral to motor neuron (MN) columns®**>*® and proceed
in the dorsal direction®® (Figure 3E). By E10.5, these invading
vessels continue growing dorsally but avoid the most dorsolat-
eral regions, the MN clusters, the FP, and part of the neural pro-
genitors’ zone during this developmental time window. In mouse
embryos, this regional avoidance continues through E12.5 (~CS
16).*° This stereotyped vessel invasion and maintenance of
avascular regions occurs despite the presence of high VEGF
expression in the MN columns®® and appears to be controlled
via a cell intrinsic mechanism.*® While MNs express VEGF to
allow normal PNVP sprout invasion and vessel development,
they also express sFlt1, a VEGF antagonist, to avoid premature
vessel invasion into the MN columns.”® Thus, stereotyped
vascularization of the developing spinal cord is critical for the
proper development of both neural and vascular structures
and is regulated by both neuroepithelial progenitors and MNs
via a VEGF/sFIt1 mechanism.

ChP vascularization

The ChP is a highly vascularized secretory tissue responsible for
producing cerebrospinal fluid (CSF) as well as regulating its
composition.‘:” The ChP consists of a vascular core, an intersti-
tial stromal layer, and a monolayer of epithelial cells®' (Figure 3F).
There are also complex interactions between immune cells and
the ChP epithelium and endothelium in health and disease,

8 Cell Reports 43, December 24, 2024

Cell Reports

which are discussed elsewhere.®*** Of the four ChPs in the
CNS, the hindbrain ChP is the first to appear during develop-
ment, beginning around E9.5 (~CS 12) and peaking between
E11 and E12 in mouse embryo (~CS 14/15), followed by telence-
phalic ChP development.®!*>:°¢ Cell specification in the ChP oc-
curs early in development—between E8.5 and E9.5 (~CS 11/12)
in the murine brain—and involves close contact between ChP
epithelial cells and vascular cells.>'*” However, the develop-
ment of ChP vasculature, including the tissue’s exact develop-
mental time course, is not completely understood.

In most vertebrates, there are four ChPs. They reside in each
ventricle of the brain, i.e., two in each lateral telencephalon,
one in the diencephalon, and a fourth in the hindbrain ventricle.®’
Arteries that branch from the circle of Willis supply blood to the
ChPs (Figure 3G). The lateral ventricle ChPs (telencephalic) are
supplied by the anterior choroidal arteries. The third ventricle
ChP is supplied by the PChAs, arising from the PCA. The hind-
brain ChP (in the fourth ventricle) is supplied by branches from
the PICA and, to a lesser extent, by the AICA.*® In humans, the
PICAs and AICAs begin sprouting at ~CS 18 and ~CS 16-17,
and the posterior artery terminates in the hindbrain ChP by
~CS 21-22.%°

A recent study developed a single-cell and spatial atlas of
developing, adult, and aged mouse ChP demonstrating that
arterial, venous, and capillary EC identities are established
across adult ages and ventricles.®® In the study, arteriovenous
zonation of lateral ventricle ChPs was characterized, and it
showed that the arteries develop obliquely across the veins
running along the ventricular free margin of the tissue.® This mir-
rors the human scenario, in which the arterial supply develops
from the caudal region of the ChP and extends rostrally along
the attached margin, while the veins elongate and extend in
the free margin of the rostral area of the ChP.°" Vascular
outgrowth and increases in surface area are induced by Shh pro-
duced by the ChP epithelium. This Shh signaling also regulates
pericytes, which seem to have an important role in coordinating
the development of the ChP vasculature and epithelium as
well.®?

NVU formation and heterogeneity

A critical stage of vascularizing any CNS tissue is formation of the
neurovascular unit (NVU). The NVU is composed of BBB-forming
vascular ECs, neural progenitors, neuronal and glial cells, peri-
vascular mural cells, and the basement membrane (reviewed
in-depth elsewhere®*%). The induction of BBB properties in
brain microvascular ECs (BMECs) is a gradual process that be-
gins as early as E10.5 (~CS 14) in mouse embryogenesis. %%
BMECs express increased or brain-selective marker expres-
sion,®®"? including tight junction proteins claudin-5, occludin,
LSR, and MARVELD2 that seal connections between individual
ECs and restrict paracellular transport. Also, they express active
nutrient and drug efflux transporters such as GLUT-1 and
P-glycoprotein, which help maintain BBB homeostasis by regu-
lating the uptake of nutrients and the removal of harmful com-
pounds, respectively. Additionally, transcytosis in BMECs is
greatly reduced compared to peripheral ECs due to the
decreased expression of structural proteins caveolin-1 and
PLVAP and increased expression of lipid flippase MFSD2A.”"
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Figure 4. Current methods for vascularizing neural organoids

(A) Protocols for generation of generic and region-specific neural organoids. To generate 3D neural organoids, hPSC aggregates are cultured with or without (w/
wo) Matrigel encapsulation or in the presence of small-molecule SMAD signaling inhibitors, which induces neural commitment. The organoids are typically
cultured in agitated suspension culture, and the resulting structures contain numerous ventricular-like zones, a.k.a., neural rosettes. Incorporating combinations
of Wnt activation or inhibition, Shh, FGF, RA, insulin, or chemokine receptor (SDF-1) signaling enables derivation of organoids corresponding to different brain
regions (e.g., forebrain, midbrain, hindbrain, and spinal cord).

(B) Co-culture of hPSC-derived NPCs and ECs (either hPSC derived or primary) in a 3D format can produce neural organoids with a primitive endothelial network.
(C) ECs suspended within a hydrogel can invade an encapsulated neural organoid and self-assemble into a vascular network.

(D) Neural organoids derived from hPSCs typically exhibit multiple rosette structures. It is less common to find a neural organoid that contains a single rosette.

(legend continued on next page)
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Although these markers distinguish BMECs, their expression
varies by maturity. For example, claudin-5 and occludin staining
is diffuse and cytoplasmic prior to 14 GWs.” Hence, endothelial
BBB properties mature over time, as significant gene expression
changes are observed in BMECs across mouse embryo devel-
opment”® and even between those in early postnatal versus adult
mice.”* Yet, the development of such mature BBB properties,
which is a result of interactions between all NVU cell types, re-
mains a challenge to recapitulate in neural organoids derived
solely from hPSCs.

Recent single-cell RNA sequencing (scRNA-seq) atlases have
characterized human brain vasculature, demonstrating that NVU
cell types and structure display molecular and functional hetero-
geneity across development and aging.”>’” For example, at 15
GWs, the occludin transcript is primarily expressed by tip ECs,
but by 23 GWs, it is also expressed by arterial and mitotic ECs,
with minimal expression in capillary or venous ECs.”> Despite
the early presence of BBB-like characteristics, there are fewer
perfusable vessels at 17 versus 23 GWs, and the proportion of
pericytes increases from 15 to 23 GWs.’® Even after birth, mouse
models of normal aging show that BMECs shift their transport
profile from favoring specific receptor-mediated transcytosis to
higher levels of nonspecific, caveolae-mediated trafficking of
serum proteins.”® This shift is coincident with decreased pericyte
coverage of the brain microvasculature’® and thus could also be
posited to increase leakiness. %8

Moreover, studies have provided insight into NVU differences
between different CNS regions. For example, bulk and scRNA-
seq have shown differences in ECs from the circumventricular
organs, ChP, and choriocapillaris, where leakier vasculature is
observed.”®®° Tip ECs are highly enriched in the ventricular
zone during human development, supporting the coincidence
of angiogenesis and neurogenesis.”® Also, compared to the
pre-frontal and mid-temporal cortex, the hippocampus is char-
acterized by a reduced abundance of ECs and pericytes and
increased numbers of perivascular fibroblasts.®' Additionally,
not all CNS ECs exhibit the same level of BBB properties as
those found in the cerebral cortex microvasculature. Reduced
pericyte coverage and lower tight junction protein expression
characterizes blood-spinal cord barriers.®” Also, BBB properties
are enhanced in white matter brain vessels compared to those in
the gray matter vessels, correlating with higher vessel coverage
by astrocyte endfeet in the white matter.®® Whether such EC dif-
ferences are cell intrinsic or extrinsic remains an open question.

RNA-seq studies have also revealed variability of brain ECs
along the arteriovenous tree.®* Postnatal and adult mouse brain
and retina scRNA-seq studies identified markers differentiating
venous, capillary, arterial, and pro-angiogenic tip EC pheno-
types.®®#* 85 The distinct transcriptional profiles of these EC
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subtypes has also been confirmed by human embryonic and
adult scRNA-seq studies.”®®"8"8° Fuyrther, the transcriptional
variation across a variety of non-endothelial perivascular cells
has also been characterized, including pericytes, smooth muscle
cells, three types of perivascular fibroblasts, and ependymal
cells.®" In addition to the standard immunocytochemical labels,
such NVU transcriptional profiles could also be used to assess
the biomimicry of vascularized neural organoid models.

BIOENGINEERING STRATEGIES FOR NEURAL
ORGANOID VASCULARIZATION

In recent years, protocols have been developed to generate re-
gion-specific, human pluripotent stem cell (hPSC)-derived neu-
ral organoids (Figure 4A) corresponding to the dorsal®>®" and
ventral®®* forebrain, dorsomedial telencephalon (i.e., hippo-
campus and ChP),” diencephalon (e.g., thalamus, hypothala-
mus),’®%8 retina,”®'°° midbrain,'®" hindbrain (i.e., cerebellum
and brainstem),'%>'%® ChP,"® and spinal cord.'® However,
most neural organoid protocols generate 3D tissues devoid of
vasculature. Non-vascularized neural organoids are able to reca-
pitulate an in-vivo-like diversity of regional neuronal and even
glial cell types,”®'%® but their implementation for modeling
neurological physiology, e.g., EC and neural progenitor cell
(NPC) crosstalk in the neurogenic niche, pathologies, and toxi-
cology is limited by the absence of a perfusable CNS-like vascu-
lature with NVU components and BBB properties.*'°” Addition-
ally, non-vascularized neural organoids have limited in vitro
growth potential due to hypoxia-induced necrosis.'® Several
authors report the presence of a necrotic core in un-vascularized
neural organoids with positive staining for hypoxia marker HIF-
1a.'%%"1° Thus, most neural organoids do not exceed a few mil-
limeters in diameter (<4 mm), which is not comparable to the hu-
man neocortex size.'*%% 1997112 Also, they begin to shrink after
6-7 months in culture due to the lack of sufficient oxygen and
nutrient delivery.’'® This motivates continued efforts to develop
approaches for bioengineering perfusable vascular networks
within neural organoids.

To induce vascularization, non-neural cell types, e.g., endo-
thelial progenitors or ECs, have been integrated into or co-
derived within neural organoids using several different ap-
proaches.'%®""* These can be categorized as inducing neural
organoid vascularization by (1) physical co-culture with ECs,
(2) co-derivation with ECs, or (3) relying on angiogenesis from
pre-formed vascular networks (Figures 4B, 4C, and 4E-4H).
Here, we review these strategies and evaluate their level of in vivo
mimicry based on the type of organoid being vascularized and
the information presented in vascularization during human neu-
ral tube morphogenesis (Table S2). Protocols for obtaining

(E) Vascular-neural assembloids can be created by combining an avascular neural organoid and vascular organoid in a culture medium that supports both tissue
types and permits their fusion. Vessels from the vascular organoid invade the neural organoid.

(F) Neural organoids with rudimentary vessels can be generated using hPSCs gene edited to enable doxycycline-inducible overexpression of ETV2. When
exposed to extrinsic culture conditions which promote neural differentiation and doxycycline, the co-aggregated and unedited hPSCs give rise to neural phe-
notypes, and the edited hPSCs differentiate into ECs. The result is co-generation of a neural organoid with a primitive network of endothelial vessels.

(G) EC vascular beds formed within hydrogels can be used to vascularize co-cultured hPSC-derived neural organoids.

(H) Neural organoids derived from hPSCs in vitro can be transplanted into the brain of an animal host to induce vascularization of the organoid, resulting in a
perfusable, host-derived vascular network. All diagrams were created with BioRender.
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endothelial and other NVU cell types incorporated into these
vascularized organoids are demonstrated in Figures S1-S3.

Neural organoid vascularization via EC co-culture
Several strategies have been devised to derive ECs from various
human sources, including primary and hPSC derived.""® Even
without brain microvasculature characteristics, the sheer pres-
ence of ECs via co-culture seems to influence organoid matura-
tion. For example, Shi et al. developed a method capable of
generating vascularized cortical organoids by co-culturing
hPSCs with human umbilical vein endothelial cells (HUVECSs)
(Figure 4B).""® These authors achieved a 3D structure consisting
of typical human cortical cell types containing a vascular
network, which was sustained for over 200 days in culture. In
this system, HUVECs formed well-defined vascular structures,
and the organoids recapitulated several features of neocortical
development, displaying defined cell layers and a functional
neuronal network. Moreover, these organoids were implanted
in the S1 mouse cortex, where they integrated into the host
cortical tissue and anastomosed with the native vascular sys-
tem. Thus, it is possible that these vascularized neural organoids
may prove superior to un-vascularized neural organoids in reca-
pitulating human CNS development in vitro, providing a new
platform to model brain disorders and assist the development
of novel therapeutic strategies.''” However, the structure of
the HUVEC-derived vascular network differed significantly from
that observed within the developing forebrain (see vasculariza-
tion during human neural tube morphogenesis). While the
HUVECs do create an extensive vascular network throughout
the organoids’ developing intermediate zone and cortical plate,
they still initiate network formation within the organoid’s devel-
oping cortical parenchyma versus modeling the PNVP’s angio-
genesis that invades from above the developing cortical plate
and proceeds to the forebrain SVZ (Figure 1D). This resulted in
HUVEC plexus formation superficial to the VZ/SVZ, with a com-
plete absence of a PVP network structure. How this affects the
radial glial cells that populate the organoids’ VZ/SVZ during
long-term culture is unknown, but the absence of a PNVP and
PVP limits coupling of vascular phenomena to the developing
cortex’s neurogenic zone, a well-known in vivo phenomenon.''®
Thus, issues related to anatomical differences between the
vascular networks created in these organoids and those found
in the developing forebrain remain unresolved.

More recently, the derivation of ECs from hPSCs and their
application in the development of vascularized neural organoids
has also been demonstrated.’'® Pham et al. embedded cerebral
neural organoids at day 34 of differentiation within a Matrigel hy-
drogel containing hPSC-derived ECs (Figure 4C).'%° These orga-
noids were grown in vitro for up to 5 weeks to induce vasculari-
zation and then transplanted into immunodeficient mice.
Embedding organoids within Matrigel containing ECs resulted
in robust vascularization, and CD31" vessels were found around
VZ/SVZ-like structures, a.k.a. neural rosettes, within the center
of the organoids after transplantation (Figure 4D). However, the
long-term impact of the observed vascularized organoid struc-
ture on the development of neural cells was not investigated.
For example, how does the vascular network influence the
behavior of radial glial cells within rosette structures? Addition-
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ally, the vasculature was not evaluated for BBB properties, the
capacity to regulate blood flow, or functional coupling with other
neural cells.

Despite the inclusion of blood vessels, the previously dis-
cussed neural organoids remain void of stromal NVU compo-
nents, e.g., pericytes and microglia. These components are
derived from the mesoderm, and interactions between epithelial
and mesenchymal components in the neural niche are also
known to play a fundamental role during tissue development.'"*
Assembloids, i.e., structures generated by spatially arranging
multiple singular organoid types,'®” may help address this issue
(Figure 4E). For example, Worsdorfer et al. developed a method
to simultaneously generate mesodermal aggregates and neural
spheroids and subsequently fuse them together.'?%'?" The
mesenchymal component promoted vascularization and neural
development.'?° In fact, the vascular network expanded with tis-
sue growth and was responsive to pro-angiogenic conditions
like hypoxia. Furthermore, the mesenchymal component also
delivered microglia-like cells that infiltrated the neural tissue. In
a similar study, these “mixed-lineage” assembloids were also
created by fusion of hPSC-derived neural spheroids, EC spher-
oids, and supporting human mesenchymal stromal cells.'??
These structures were constructed using different cell ratios,
and the authors found that incorporating stromal cells promoted
secretion of cytokines like VEGF. The tri-spheroids also pre-
sented elevated levels of TBR1 (a cortical layer marker),
NKX2.1 (a ventral neural marker), and Notch1 gene expression
when compared to standard neural spheroids, indicating that
neural-vascular-stromal juxtacrine/cell-cell contact interactions
promoted organoid patterning. Additionally, BBB-specific gene
expression and tight junction proteins were also enhanced in
the mixed-lineage assembloids. A separate assembloid model
showed that cortical organoids with pericyte integration demon-
strated increased astrocytic maturation and production of base-
ment membrane components.'>®> Moreover, this model sup-
ported SARS-CoV-2 entry and replication within its neural
cells, as the pericytes facilitated viral replication and spreading
to astrocytes, thereby causing inflammatory type | interferon
transcriptional responses. Lastly, after 30 days of co-culture,
an assembloid model of induced PSC (iPSC)-derived vascular
and cerebral organoids'®* showed spontaneous emergence of
non-endothelial NVU cell types, including pericytes and astro-
cytes. Moreover, the constituent vasculature demonstrated
BBB properties including upregulation of GLUT-1, claudin-5,
and ZO-1 in ECs and BBB-like transendothelial electrical resis-
tance (TEER) but not vascular perfusion. Such neurovascular/
mesodermal assembloids are the closest in vitro mimics of
CNS vascularization by the PNVP.

Co-derivation of neural organoids with ECs

Given that nascent blood vessels acquire BBB properties upon
penetrating into the developing neural tube, '®'2°2° the co-differ-
entiation of ECs within neural organoids has been explored as a
vascularization strategy.'?” Ham et al. demonstrated that VEGF
supplementation during cerebral organoid derivation can induce
the co-differentiation of ECs without constraining neural commit-
ment.'?” These organoids formed blood vessel-like structures
that, with Wnt7a supplementation, matured into vessels
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expressing BBB-associated markers, such as claudin-5."%"

Nevertheless, natural CNS vascularization involves steps of
angiogenesis, invasion, and sprouting from the PNVP and PVP.
In contrast, the approach reported by Ham et al. relies on exoge-
nous growth factor stimulation, which may not accurately repli-
cate in vivo processes. Also, inter- and intra-organoid variability
in the vessels’ spatial orientation could affect their functional roles
and interactions with neural tissues.

Genetic activation of the embryonic-restricted ETS variant
transcription factor 2 (ETV2) is another approach to reprogram a
subset of cells into ECs within neural organoids.'?® ETV2 expres-
sion produces adaptable ECs, which are capable of forming per-
fusable vascular networks both in vitro and in vivo.'?%'?° Thus,
these ETV2-expressing cells are phenotypically, transcriptionally,
and functionally consistent with bona fide ECs. Cakir et al. took
advantage of this approach to control ETV2 expression in hPSCs
using a doxycycline-inducible system (Figure 4F)."'° Co-aggre-
gation of wild-type hPSCs with up to 20% ETV2-expressing cells
produced cortical organoids with complex vascular-like networks
with improved functional maturation and acquisition of ECs ex-
pressing tight junction and harboring efflux transporter activity.
Moreover, upon implantation, ETV2-induced endothelium sup-
ported the formation of perfusable blood vessels. While these
vascularized cortical organoids display in-vivo-like interactions
between neural cells and ECs,'*° this approach again deviates
from the in vivo scenario where the PNVP invades the avascular
neural tube. Thus, the result of such approaches appears to be
the formation of a randomly structured vascular network both
on the exterior and intervening throughout the organoid.

Neural organoid vascularization via angiogenesis from
pre-formed vascular networks

Culture platforms that allow precise spatial patterns of cell aggre-
gates can enable standardization of neural organoid cytoarchi-
tecture, thereby facilitating high-throughput screening applica-
tions."®"~"*3 For example, Knight et al. first demonstrated that
biophysical control of tissue morphology induces controlled neu-
ral organoid emergence, specifically reproducible formation of
organoids with a single neural rosette/VZ structure'®* (Figure 4D).
Yet, these microtissues were not vascularized. We posit that the
integration of 3D vascular networks,'®® for example by using
biocompatible sacrificial materials'*® to overlay such engineered
organoids with a pre-formed PNVP-like vascular networks, would
further enhance their biological relevance.

In fact, some authors have suggested that perfusion of a pre-
formed rudimentary vascular network in a vascularized organoid
can promote maturation due to shear- and pulsatile flow-
induced signaling in ECs and surrounding mural cells.'?° Several
strategies to improve perfusion of vascularized organoids have
been proposed in which organoids are co-cultured in an opti-
mized ECM with a pre-established external microvascular
network in a microfluidic chip'®’ (Figure 4G). Such microphysio-
logical systems may allow further study of neurovascular interac-
tions in multiple contexts, ranging from pathogenesis associated
with neurodegenerative diseases, to accurate prediction of BBB
permeability to pharmaceuticals.'*® Kaushik et al., for example,
used hPSC-derived ECs, neural progenitors, and microglia,
together with primary pericytes, to engineer an approximation
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of a vascular plexus in vitro.'*° However, this construct only fea-
tures CD31* ECs forming cord-like structures without clear tube-
like networks, no demonstration of perfusion, and unclear wrap-
ping of pericytes around endothelial vessels.

Demonstrating perfusion of networks within vascularized
neural organoids in vitro remains an unmet challenge. This is
primarily due to the agitated suspension culture typically
required to generate neural organoids.’* To demonstrate this
perfusion, researchers have taken advantage of the host ca-
pacity to vascularize neural organoids after direct implantation
into rodents'“%"#" (Figure 4H). Cakir et al. even showed that a
proportion of vessels in their cerebral organoids were perfus-
able with fluorescein isothiocyanate (FITC)-dextran. However,
these vessels were mainly localized to the outer portion of the
organoid.”'® To our knowledge, robust perfusion of vascular-
ized organoids has not been achieved in vitro but has required
in vivo transplantation into mice,'%%110:120.141

There has been significant progress in bioengineering vascu-
larized, non-neural organoid microphysiological systems. For
example, Nzou et al. developed a 3D spheroid model containing
primary human BMECs, pericytes, and astrocytes and hPSC-
derived microglia, oligodendrocytes, and neurons and demon-
strated its potential for modeling the effects of hypoxia and
inflammation on BBB function.'*? Also, Blanchard et al. created
a hPSC-based 3D microphysiological model that recapitulated
NVU properties, including the ability to replicate Alzheimer’s dis-
ease (AD)-associated amyloid deposition and unveil the role of
pericytes in the pathological features of APOE-4-mediated amy-
loid angiopathy.'*® However, neither of these microphysiological
platforms harnessed the unprecedented mimicry and complexity
of neural organoids. Thus, when fully realized, bioengineered and
anatomically mimetic vascularized neural organoids have enor-
mous potential as a tool for investigating neurological disease eti-
ology and pathology as well as for therapeutic discovery.

MODELING DEVELOPMENT AND DISEASE USING
VASCULARIZED NEURAL ORGANOIDS

Traditionally, animal (primarily murine) models have been used to
study aspects of both developmental and adult neurological dis-
eases. However, due to significant disparities between mouse
and human development anatomically, e.g., neural tube closure
and corticogenesis dynamics, and genetically, e.g., human-spe-
cific non-coding DNA regulatory elements and chromosomal ar-
chitecture, the creation and utilization of human models to study
neurovascular contributions to human neurological physiology
and pathology is warranted.'**~'*® Many complex neurodeve-
lopmental disorders, e.g., Down syndrome (DS) and fragile X
syndrome (FXS), have key human-specific features that impede
the replication of their pathophysiology in mice.'** Furthermore,
mouse models of human neurodegenerative disease suffer from
inconsistencies with the human presentation. For example, AD
mouse models do not display human-like levels of neuronal
loss despite an accumulation of amyloid B (Ap).'*” Given such
discrepancies, hPSC-derived CNS organoids have been used
to study both development’®:°0-106:116.148.149 ang neurological
disorders.'* 17159153 et most existing CNS organoid models
used in such studies are not vascularized.
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Vascularized brain organoids have demonstrated improved
expression of key BBB-associated proteins, including tight junc-
tion components (e.g., claudin-5, occludin, ZO-1) and ABC/SLC
transporters (e.g., GLUT-1, P-glycoprotein, BCRP), and reduced
nonspecific permeability to molecular cargoes,'’%119:122.124.127
Thus, facets of CNS organoid morphogenesis and disease
modeling can be improved by vascularization. For example,
un-vascularized organoids are limited in their ability to model
later stages of CNS neurodevelopment (>CS 14), in part because
they lack interaction of apical neuroepithelial cells/radial glia with
PVP vasculature. One study observed an increased number of
CTIP2 and NeuN-positive neurons, progeny of radial glial cells,
just by integrating human fetal endothelial and mural cells versus
3T3 fibroblasts into cortical organoids.”® In vivo, perfusable
vasculature enables CNS tissue expansion by providing oxygen
throughout the parenchyma. If replicated in vitro, then this would
enable continual neural organoid growth by sustaining interior
neurogenic ventricular zones, thereby allowing increased corti-
cogenesis and possibly even enhanced neuronal migration
events that establish proper circuitry.?”> The sustained growth
and maturation could even facilitate exploration of neural orga-
noids as potential transplants for the repair of damaged CNS tis-
sues.'“%1%* Additionally, oligodendrogenesis in vivo is preceded
by angiogenesis, and evidence supports the importance of
oligodendrocyte-vasculature coupling for trophic support and
proper physiology.'®*'%® While un-vascularized organoids
have shown evidence of oligodendrocyte progenitor cells
(OPCs),?>"16157 the presence of mature myelinating oligoden-
drocytes is rare.'®®'®" This aspect of in vivo CNS tissues is
requisite for proper neuronal maturation to model circuit
behavior and demyelinating diseases, e.g., multiple sclerosis,
in which BBB crossing of immune cells is a significant compo-
nent.'? Lastly, vascularizing CNS organoids from a PNVP-like
external vascular plexus could also provide insight into induction
of BBB and BRB properties, including modeling barrier-crossing
therapeutics. Dysfunction of these vascular barriers is a key
feature in the pathogenesis of stroke'®®; AD,'®* Huntington’s

disease (HD),'®® and Parkinson’s disease'°?; glioblastoma mul-

tiforme'®”; multiple sclerosis'®%'%®; brain arteriovenous malfor-
mations (AVMs)'®?; retinopathy of prematurity’’®; and age-
related macular degeneration.’”' Moreover, there is evidence
of vascular involvement in the pathophysiology of neuropsychi-
atric diseases such as depression and schizophrenia,'’® high-
lighting that even diseases not previously recognized as neuro-
vascular in nature may benefit from vascularized CNS organoids.

Stroke is a common cerebrovascular pathology for which
perfusion is a key component of disease modeling and remains
under-studied using CNS organoids. Although stroke is much
more common in adults, there are also ischemic and hemorrhag-
ic stroke-associated pathologies in neonates and children,
which could be better studied using hPSC-derived CNS organo-
ids. These include germinal matrix hemorrhage, which primarily
affects premature neonates born before 32 GWs,'”® large vessel
vasculopathies like steno-occlusive or Moyamoya diseases,
which can occur secondary to sickle cell disease in children,'”
and AVMs, a leading cause of hemorrhagic stroke in the young.®°

As a major strength of their potential clinical application, hPSC-
derived vascularized CNS organoids provide an unprecedented
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opportunity to investigate the genetic basis of CNS vascular dis-
eases through the use of patient-derived iPSCs."®%'"® Further-
more, gene-edited hPSCs could be modified with targeted risk
mutations or utilized in CRISPR-screening approaches.'”® This
would enable the study of how genetic modifications in NVU cells
affect the development and progression of CNS vascular dis-
eases. Numerous monogenic and polygenic neuropathologies
have been identified to entail a component of vascular disruption,
including familial cerebral cavernous malformations (CCMs),
microcephaly, cerebral autosomal-dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL), and
GLUT-1 deficiency (De Vivo) syndrome.®* Complex, polygenic
diseases in which certain regions of the brain are predominantly
affected, e.g., the hippocampus in AD,"””'"® would also benefit
from using organoids with region-specific vascularization to bet-
ter understand disease pathogenesis and its genetic etiology.
Some advancements have been made in this area, with a recent
cerebral-vascular assembloid model recapitulating certain as-
pects of in vivo CCMs.'?*

Although there has been some success with modeling of devel-
opmental neuropathologies, the fetal-like phenotype of many
CNS (particularly cortical) organoids may limit our ability to gener-
alize findings from models of neurodegenerative diseases.'%"'"®
Vascularization is postulated to improve the overall maturity of
neural cell types in CNS organoids, thereby possibly leading to
the ability to more faithfully model postnatal and adult-onset dis-
eases. Several non-vascular strategies have also been proposed,
including overexpression of progerin (truncated version of lamin
A associated with Hutchinson-Gilford progeria syndrome) and
reactive oxygen species (ROS)-induced DNA and mitochondrial
damage.'®® However, these methods do not address the
reduced neuron number, maturation, or overall neural tissue cy-
toarchitecture that emerges in vivo via vascularization.

As an additional level of modeling complexity, scRNA-seq
studies have uncovered cellular and molecular perturbations to
the NVU due to various CNS pathologies.””*"%° Alterations in
BBB properties also occur in the context of various CNS dis-
eases, including AD®” and HD®® and brain AVMs.®° For example
many genes are downregulated in AD, with the greatest AD-
related changes occurring in mural cells.®” Also, the highest pro-
portion of AD-related risk genes are upregulated in immune
cells.” In HD, several BMEC genes related to nutrient and efflux
transport and several mural cell genes with known HD-related
mutations are downregulated.®® For the case of patients with
AVMs, ECs are relatively enriched for arterial and venous sub-
types, with significantly fewer venular and capillary ECs
compared to healthy controls.?° Furthermore, ECs in patients
with AVMs displayed decreased expression of nutrient trans-
porters such as SLC38A5 and SLC16A7 as well as MFSD2A.%°
Thus, vascularized organoid modeling of CNS pathologies can
benefit from the inherent multicellularity, but whether they can
recapitulate some of the key changes observed in humans re-
mains to be seen.

CLOSING REMARKS AND FUTURE PERSPECTIVES

Modeling CNS development and disease using neural organoids
would be significantly improved by the advent of physiologically
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accurate CNS organoid vascularization protocols. The presence
of ECs in the CNS has been shown to be important for neuronal
maturation, and vascularized brain organoids possess a higher
concentration of active neurons capable of conducting action
potentials.”'®'®" Even in the adult brain, SVZ vasculature is
well known to create a critical niche for neural stem cells.'®? In
bioengineering strategies for neural organoid vascularization,
we reviewed the varied and unique aspects of CNS vasculariza-
tion during the earliest stages of embryonic development and
across different CNS tissues. This developmental period is
particularly applicable for neural organoid bioengineering. Inte-
gration of such vascularization aspects would yield in vitro
models that both expand and improve the utility of neural orga-
noids for modeling human neurological disease pathogenesis
and discovering novel therapeutic strategies.

In modeling development and disease using vascularized neu-
ral organoids, we highlighted contemporary methodologies for
bioengineering vascularized neural organoids, identifying both
their strengths and shortcomings. In summary, better integration
of tissue engineering strategies is needed to enable the repro-
ducible emergence of biomimetic vascular network structure
within neural organoids. Moreover, these strategies need to
help simplify vascularized neural organoid derivation to make it
accessible and scalable. As discussed previously, organoid
vascularization can be achieved in vitro'®® or by transplantation
into a mouse recipient with subsequent vascularization by host
ECs. However, given the inherent self-organization capacity of
neural organoids, limited attention was initially given to
improving the structural/anatomical reproducibility of the orga-
noid’s cytoarchitecture. However, early work by Lancaster
et al. shows that integration of biocompatible microfilaments
can assist cerebral organoid formation.""" Microfilament-engi-
neered organoids displayed enhanced features, including
improved neuroectoderm formation and cortical development.
Moreover, micropatterned substrates can be used to induce
the reproducible emergence of 3D neural rosette tissues'®*
and neuroepithelial tubes.'®"'%? Therefore, tissue engineering
strategies may, in theory, be used to guide vascularized orga-
noid morphogenesis and increase their complexity and stan-
dardization as well."®* As detailed in modeling development
and disease using vascularized neural organoids, achieving
this feat could have transformative impacts on neurological dis-
ease modeling and therapeutic discovery.

One promising solution to bioengineer the guided formation
of vascular structures within organoids is the utilization of sacri-
ficial molding techniques.'®® For example, McNulty et al. have
used poly(vinyl alcohol)-calcium salt templates fabricated by
micro-injection molding to generate internal geometries within
hydrogels.'®® Another strategy to generate complex and func-
tional vascular architectures in hydrogels is the use of stereoli-
thographic production with potent photoabsorbers.'®” More-
over, in recent years, substantial work was done in the
development of 3D-printing techniques capable of rapidly pro-
ducing arrays of organ-specific tissues.'®®7'°° In particular,
“organ building blocks’ resulting from hPSC-derived organo-
ids were assembled into 3D constructs, integrating perfusable
vascular channels via 3D bioprinting.'®" Integrating such tech-
niques into neural organoid culture is non-trivial, as it could
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have unforeseen effects on organoid morphogenesis. Howev-
er, the time for such exploration is now, and it is needed across
the many region-specific neural organoid models given the var-
ied vascularization structures encountered during early human
CNS development.
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