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Abstract

Microglial cells make extensive contacts with neural precursor cells (NPCs) and affiliate with vasculature in the developing
cerebral cortex. But how vasculature contributes to cortical histogenesis is not yet fully understood. To better understand
functional roles of developing vasculature in the embryonic rat cerebral cortex, we investigated the temporal and spatial
relationships between vessels, microglia, and NPCs in the ventricular zone. Our results show that endothelial cells in
developing cortical vessels extend numerous fine processes that directly contact mitotic NPCs and microglia; that these

processes protrude from vessel walls and are distinct from tip cell processes; and that microglia, NPCs, and vessels are
highly interconnected near the ventricle. These findings demonstrate the complex environment in which NPCs are
embedded in cortical proliferative zones and suggest that developing vasculature represents a source of signaling with the
potential to broadly influence cortical development. In summary, cortical histogenesis arises from the interplay among
NPCs, microglia, and developing vasculature. Thus, factors that impinge on any single component have the potential to
change the trajectory of cortical development and increase susceptibility for altered neurodevelopmental outcomes.
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Introduction

Microglial cells have emerged as active modulators in a growing
number of developmental processes including synapse devel-
opment and maintenance (Paolicelli et al. 2011; Schafer et al.
2012), axonal pathfinding (Squarzoni et al. 2014), and cortical
layer formation (Ueno et al. 2013; Squarzoni et al. 2014). Microglia
are present in the prenatal brain and we have shown that
they are an intrinsic component of cortical germinal zones
(Barger et al. 2019), establish extensive contacts with the neural
precursor cells (NPCs) that generate cortical neurons and glial
cells (Noctor et al. 2019), and regulate cortical cell production
through phagocytosis of NPCs (Cunningham et al. 2013). The
extensive contact and interactions between microglia and NPCs,

neurons, and other glial cell types support the emerging concept
that microglia are a key contributor to cortical development. As
microglia begin colonizing the prenatal cortex, cortical vessels
are established in the pial meninges, penetrate the underlying
cortical parenchyma (Marin-Padilla and Knopman 2011), and
are contacted by the processes of radial glial cells (Schmechel
and Rakic 1979; Misson et al. 1988; Voigt 1989; Bentivoglio and
Mazzarello 1999; Noctor et al. 2001). Determining whether and
how development of the cortical vasculature coincides with or
participates in cortical histogenesis requires a detailed map
of vascular system development in relation to neurogenesis
and microglial colonization. The goal of the current study is
to establish a temporal map of vascular development in rat
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cortical proliferative zones, in the context of neurogenesis and
microglial colonization.

Neurogenesis begins in the rat neocortex by embryonic day
(E)13 (Bayer and Altman 1991), and in human by the sixth week
of gestation (Sidman and Rakic 1973). Microglia begin to colonize
the rat and human cerebrum at the same stages of develop-
ment (Andjelkovic et al. 1998; Verney et al. 2010; Cunningham
et al. 2013). Development of cortical vasculature also follows a
similar timeframe. A highly interconnected vascular structure
termed the perineural vascular plexus, or pial capillary plexus,
is present on the surface of the cerebrum by 6 weeks of gestation
in human (Marin-Padilla and Knopman 2011; Engelhardt and
Liebner 2014). The same structure is visible in rat by approxi-
mately E12 (Angelov and Vasilev 1989), and at the same stage
of cortical development in other mammals (Marin-Padilla 1985;
Bjornsson et al. 2015). We adopted the term ‘pial vascular plexus’
to highlight the location of this structure, and because these
immature vascular structures will become arterioles, venules
or capillaries at later stages of development (Marin-Padilla and
Knopman 2011).

The pial vascular plexus is the source of vessels that supply
the underlying cortical gray matter. Endothelial cells in the pial
meninges pierce the external glial limiting membrane, extend
filopodia and pseudopodia perpendicular to the pial surface
that penetrate the basal lamina and extend toward the ventricle
(Marin-Padilla and Knopman 2011; Mastorakos and McGavern
2019). Endothelial cells follow the path created by the filopodia,
and form vessels that descend radially from the pial meninges
toward the ventricle (Marin-Padilla 1985; Engelhardt and Liebner
2014; Bjornsson et al. 2015; Segarra et al. 2019). These radial
vessels contribute to development of the first intrinsic capil-
lary plexus to form in the developing cortex (Marin-Padilla and
Knopman 2011), which we term the paraventricular plexus (PVP).
The PVP courses within the ventricular zone (VZ) parallel to and
near the ventricular surface.

Previous studies have noted individual relationships between
cortical vessels, microglia and NPCs. Rezaie and Male high-
lighted a correlation between microglial position and cortical
vessels in the developing cortex (Rezaie and Male 1999), propos-
ing that these vessels serve as a route of microglial entry into the
cortex. We previously examined the relationship between NPCs
and periventricular microglia in the prenatal cortex and found
extensive contacts between these two cell types (Cunningham
et al. 2013; Barger et al. 2019; Noctor et al. 2019). Additionally,
previous studies have shown that NPCs are often located near
cortical vessels (Javaherian and Kriegstein 2009; Stubbs et al.
2009), and that endothelial cells influence NPC behavior (Shen
et al. 2004). However, the relationships between NPCs, microglia,
and cortical vasculature have not been studied together in the
mammalian prenatal brain. The current study examines the
concurrent development of these three systems, paying special
attention to connectivity between these key elements.

Materials and Methods
Animals

All animal procedures were approved by the UC Davis Institu-
tional Animal Care and Use Committee. Embryonic day (E)12
rat brains (n=4), and E14 rat brains (n=4) were fixed by direct
immersion in 0.1 M phosphate-buffered saline pH 7.4 (PBS)
containing (v/v) 4% paraformaldehyde (PFA) for 24 h. E16 (n=4),
E18 (n=4), E19 (n=2), E20 rat embryos (n=4), and adult rats

(n=2) were transcardially perfused with PBS followed by 4% PFA.
The brains were extracted and postfixed in 4% PFA for 24 h at4°C.
Care was taken to avoid damaging the meningeal layers covering
the cerebrum. The next day brains were washed in PBS and
stored in (v/v) 0.01% sodium azide in PBS at 4°C until processing
for immunostaining. Cortical slabs were prepared from brains
obtained from two E19 embryos by excising the dorsal portion
of the cerebral cortex from each hemisphere using microscissors
and an Olympus SZ61 dissecting scope (Noctor et al. 2019). The
cortical slabs encompass the full thickness of the developing
cerebral cortex spanning from the ventricle to the meningeal
surface. The cortical slab approach was previously used and
verified to maintain the physiological and morphological profile
of radial glia cells (Noctor et al. 2002).

Immunohistochemistry

Brains were embedded into 4% Low Melt Agarose (Bio-Rad),
sectioned 100 pm thick in the coronal plane on a Vibratome
(Leica VT 1000), and free-floating sections collected in PBS.
Sections were rinsed three times for 5 min each in PBS on a
shaker and incubated in blocking buffer solution containing
(v/v) 10% fetal donkey serum (Millipore); 0.1% Triton X-100
(Acros) in PBS for 2 h at room temperature (RT). Sections were
then transferred to primary incubation buffer composed of
(v/v) 2% fetal donkey serum, 0.02% Triton X-100 in PBS and
primary antibodies: mouse monoclonal anti-vimentin (1:50,
Millipore-Sigma Cat# V6630, clone V9, RRID: AB_477627); anti-
phosphorylated vimentin (1:500, MBL: Cat# DO76-3S, clone 4A4,
RRID: AB_592962); rabbit polyclonal anti-Ibal (1:500 Fujifilm
Wako Cat# 019-1974, RRID: AB_839504); rabbit monoclonal anti-
PDGFR beta (1:500, Abcam Cat# ab32570, RRID: AB_777165);
rabbit polyclonal anti-CD31 (1:500, Abcam Cat# ab28364 RRID:
AB_726362), rabbit polyclonal anti-NG2 (1:500, Abcam Cat#
ab129051); mouse monoclonal anti-alpha-smooth-muscle-actin
(1:500, Abcam Cat# ab7817, RRID: AB_262054); and Isolectin GS-
IB4 conjugated Alexa Fluor 568 (5 pg/mL, Invitrogen Cat# 121412,
RRID: SCR_014365) overnight at RT. The next day sections were
rinsed twice for 5 min in PBS, once for 5 min in (v/v) 0.1% Triton
X-100 in PBS, and incubated for 2 h at RT in secondary antibody
buffer containing (v/v) 2% fetal donkey serum, 0.02% Triton X-
100, and donkey anti-mouse/anti-rabbit secondary antibodies
conjugated respectively to Alexa Fluor 647 (1:500 Invitrogen Cat#
A-31571, RRID: AB_162542) and Alexa Fluor 488 (1:500 Invitrogen
Cat# A-32790, RRID: AB_2762833). Sections were rinsed three
times for 5 min in PBS, stained with DAPI (Sigma-Aldrich, 1:1000)
in PBS for 10 min, rinsed three times in PBS and cover-slipped
with Mowiol 4-88 mounting medium (Sigma-Aldrich) and glass
coverslips (Fisher).

Imaging

Sections and cortical slabs were imaged on an Olympus FV1000
IX81 confocal microscope with 40X water immersion (NA 0.7,
Olympus) and 100X oil immersion (NA 1.3, Olympus) objec-
tives. Sections obtained from the frontal, parietal-temporal, and
occipital lobes were included in our analysis (n=4 for each
embryonic stage of gestation). Section thickness was constant
(100 pm) and image stacks were acquired at 1.0 pm Z-steps
using a 100X oil immersion objective. Sections were imaged
at the ventricular surface and in the cortical gray matter and
pial meninges. Image field of view was 130 mm?; thus, images
captured a maximum of 130 pm of tissue from the ventricular
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surface through the proliferative zones, or pial surface through
the gray matter, in the radial dimension. Z-stack series were
only obtained from tissue sections that contained fully stained
cells, contained the same number of Z-steps, and therefore
saved images of labeled cells in the same volume of cortical
tissue. Figures show projected images prepared from sequential
confocal planes.

Fluoview Analysis

Images were analyzed using Olympus Fluoview software. In
each Z-stack, we quantified the number of periventricular Ibal*
somata and the number of principal processes, the number of
processes that contacted blood vessels, the number of processes
that contacted a 4A4+ NPC soma, and/or 4A4+ NPC pial process.
We quantified the number of mitotic 4A4* NPCs that contacted
Ibal* cells, and NPC soma or pial process that contacted blood
vessels. We also quantified: the total number of IB4"/Ibal™
processes that sprouted from the surface of IB4-labeled blood
vessels; the ratio of all IB4*/Ibal~ processes that extended
toward to the ventricular surface versus the ratio of IB4*/Ibal~
processes that extended in all other directions from the vessel;
the number of IB4*/Ibal~ processes that contacted the ven-
tricular surface; and the number of IB4"/Ibal~ processes that
contacted 4A4" NPCs and Ibal™ cells. Contact was defined as
two cell bodies/cell processes whose external surface(s) visibly
touched each other or overlapped within a single Z-stack optical
plane. Blood vessel diameter and distance between vessels were
also quantified. Distance between blood vessels that arise from
the pial vascular plexus and descend through the cortical plate
was measured adjacent to the meningeal origin of the vessels.
The distance between the ventricular surface and vessels in the
PVP, the diameter of vascular loops in the PVP, and the distance
between branch nodes in the PVP were measured across ages in
the Z-stack optical planes.

Imaris Analysis

A 3D quantitative analysis of blood vessel volume and Ibalt cell
volume within Z-stacks was performed using Imaris imaging
software (Oxford Instruments America, Concord, MA). The total
volumetric measure of reconstructed IB4" vessels and the volu-
metric measure of Ibalt structures was performed with Imaris
software (shown in Fig. 5). The IB4" vessel volume was calcu-
lated as the percent IB4™ volume occupied of the total volume
within each Z-stack (n =3 fields acquired from each cortical lobe
at each embryonic age, n =3 embryos per age). The Ibal* surface
comprising cell soma and processes that overlapped with IB4*
vessel structures was subtracted through channel segmentation
and extracted from the image for analysis.

Statistics

Data are reported as mean +standard deviation. Each data set
was tested for normal distribution (D’Agostino-Pearson) and
either parametric one-way ANOVA followed by Tukey’s HSD post
hoc test or non-parametric Kruskal-Wallis ANOVA followed by
Dunn’s post hoc test to statistically compare data sets across
developmental stages using GraphPad Prism (GraphPad Soft-
ware, Inc.). Test performed and P values are reported in figure
legends. P < 0.05 was considered significant.

Results

Microglial cells do not distribute evenly across the cortical wall
after entering the prenatal brain—as seen in the mature cerebral
cortex—but populate specific laminae including the cortical ger-
minal zones. Furthermore, microglia do not distribute uniformly
within the proliferative zones but occupy specific positions in
the proliferative zones in a pattern that we have observed in
multiple vertebrate species (Cunningham et al. 2013; Noctor
et al. 2019). A distinct single cell layer of microglia becomes
apparent near the boundary of the VZ and subventricular zone
(SVZ) during mid to late stages of cortical neurogenesis (arrow-
heads, Fig.1). We term these cells periventricular microglia
(Noctor et al. 2019). Periventricular microglia are highly
integrated in the VZ and make extensive contacts with
mitotic NPCs (Barger et al. 2019; Noctor et al. 2019). To
better understand the function of periventricular microglia,
we examined their distribution and morphology in the
context of cortical vasculature. We labeled cortical vessels
with the glycoprotein marker isolectin B4 (IB4), microglia
with antibodies against the calcium-binding protein Ibal,
mitotic NPCs with antibodies against phosphorylated vimentin
(4A4), interphase NPCs with anti-vimentin antibodies, and
cell nuclei with DAPI. We also tested for the presence of
cell types that compose cortical vessels: endothelial cells
with anti-CD31 antibodies, smooth muscle cells with anti-
bodies against vascular smooth muscle «-actin («¢-SMA),
pericytes with antibodies against platelet-derived growth
factor receptor g (PDGFR-B), and astroglia with anti-vimentin
antibodies. Coronal sections or cortical slab preparations
obtained from the neocortex of embryonic and adult rats were
labeled with sets of four markers and imaged on a confocal
microscope.

Basic Vascular Development During Corticogenesis

We investigated the appearance and formation of vessels in the
neocortex in the context of neurogenesis at five stages of pre-
natal rat development between E12—the onset of cortical neu-
rogenesis in rat, and E20—near the end of cortical neurogenesis
for layer 2 neurons in rat (Bayer and Altman 1991).

E12: The E12 rat occipital cortex is thin, measuring approxi-
mately 140 pm from ventricle to the superior surface of the pial
meninges. The pial vascular plexus becomes apparent first as a
collection of IB4" cells arranged linearly within the meningeal
layer of the forebrain (red cell indicated with white arrow,
Fig. 2A). Thin descending IB4* vessels that appeared patent
were visible (white arrowheads, Fig. 2A), and often connected
with IB4" vessels oriented parallel to the ventricle (yellow/black
arrowheads). The descending vessels were very thin, often
appearing as individual cells or undifferentiated capillaries
(Engelhardt and Liebner 2014), and measured 5.6+1.6 pm in
diameter. A growing collection of vessels that ran parallel to the
ventricle within the VZ (yellow/black arrowheads, Fig. 2A) were
5-10 pm wide and marked the development of the intrinsic
cortical plexus that we term the PVP. A small number of Ibal*
microglia were present in the E12 cortex as we previously
reported (Cunningham et al. 2013). Most Ibal* cells (green) also
stained positive for IB4 (red) at this stage of development and
appeared yellow (yellow asterisk, Fig. 2A). The proliferative zone
comprised 4A4™ NPCs undergoing division at the margin of the
ventricle, and sparse 4A4" cells dividing away from the ventricle
(white cells, Fig. 2A).

1202 YoIe 90 UO 159NB AQ 91/ 4Z09/6€ L Z/1/ L €/9191LE/100199/W0d°dNO"dIWSPEdE//:SA)Y WOl) PapEojuMOQ



2142 | Cerebral Cortex, 2021, Vol. 31, No. 4

Rat E18

Figure 1. Periventricular microglial cells (green, Iba1) initially localize to the boundary between the ventricular zone (VZ) and subventricular zone (SVZ). In this image
from an embryonic day (E)18 rat, arrowheads highlight a few of the periventricular microglia. Demarcation between the VZ and SVZ indicated by dashed line on right

side of image. Blue, DAPI.

E14: The E14 occipital cortex remained thin at 165 pm, but
the pial vascular plexus was appreciably thicker and more devel-
oped at this age. Well-formed ~10 pm-wide vessels descended
from the pial vascular plexus toward the ventricle and con-
nected with vessels in the PVP coursing parallel to the surface
of the ventricle (yellow/black arrowheads, Fig. 2B). Vessels in the
PVP were 9.6 + 3.6 pm in diameter and coursed longer distances
parallel to the lumen surface (yellow/black arrowheads, Fig. 2B).
There was a small increase in the number of Ibal™ microglial
cells (green), most of which were also 1B4 positive (yellow). The
proliferative zone consisted of 4A4" NPCs undergoing division
at the surface of the lumen, and a slightly increased number of
4A4" cells dividing away from the ventricle (white cells, Fig. 2B),
as we previously reported (Noctor et al. 2008).

E16: The E16 rat cortex was significantly thicker at 315 pm.
The thickness of the pial vascular plexus at E16 remained similar
to that at E14. However, an increased number of cortical vessels
descended from the pial vascular plexus through the developing
gray matter (Fig. 2C). The descending vessels were located at
regular intervals, with an average distance of 84+23.02 pm
between vessels (Fig. 2G). There was also an increased complex-
ity in the pattern of cortical vessel branching. Vessels penetrated
the developing gray matter, branched, and gave rise to collateral
branches that formed an intrinsic cortical plexus within deeper
cortical layers and white matter, as previously reported (Marin-
Padilla 1995; Marin-Padilla and Knopman 2011). From the intrin-
sic cortical plexus emerged a complex pattern of vessels that
descended both radially and at a 45° angle, ultimately reaching

the PVP near the ventricle. Despite the increased thickness of the
cortical wall and proliferative zones, vessels in the PVP remained
ata constant 30 pm from the ventricle (yellow/black arrowheads,
Fig. 2F). There was a slight increase in the number of Ibal*
microglial cells at E16 (green). While most cortical microglia were
IB4-positive, an increasing number of microglia in the meningeal
layer were IB4-negative (Fig. 2C). Mitotically active 4A4+ cells
divided at the surface of the ventricle, and in the nascent SVZ
(white cells, Fig. 2C).

E18: The E18 rat cortex was 490 pm thick. The pial vascular
plexus remained similar to that at E14 and E16 (Fig. 2D). There
was a further increase in the number of cortical vessels that
descended from the pial vascular plexus through the developing
gray matter at an average distance of 62.8 +£19.7 pm from one
another (Fig. 2G). There was a further increase in the complexity
of cortical vessel branching, with an intrinsic cortical plexus
apparent under the cortical plate and in the SVZ, in addition
to the PVP near the ventricle. There were more Ibal™ microglial
cells at E18 (green). A few of the microglia also stained strongly
positive for IB4, but the majority of microglia stained very lightly
or were negative for IB4 (Fig. 2D). Mitotically active 4A4™ cells
divided at the surface of the ventricle and in the well-established
SVZ (white cells, Fig. 2D).

E20: The E20 rat cortex measured 580 pm thick and exhib-
ited complex vascular patterns and microglial cell distribu-
tion. A greater number of cortical vessels descended from the
pial vascular plexus through the cortical plate at regular inter-
vals of 48+4.2 pm in the coronal sections (Fig. 2E), which was
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Figure 2. Basics of vascular development during cortical neurogenesis. Panels show the location of vessels (red, IB4), microglia (green, Ibal), and
mitotic NPCs (white, 4A4) in coronal sections from the occipital lobe of embryonic rats (E) between E12 to E20. DAPI stained cells, blue. (A) The
pial vascular plexus becomes apparent as a collection of IB4t cells and vessels within the pial mater (white arrow). Very thin IB4t vessels
descend from the pial vascular plexus (white arrowhead) toward the ventricle. A growing collection of vessels that run parallel to the ventricle,
within the VZ (yellow/black arrowheads), and approximately 30 pm from the ventricle marked the development of the paraventricular plexus
(PVP). Mitotic NPCs (white, 4A4) line the ventricle and a few dividing cells are visible away from the ventricle. (legend continued on next page)
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significantly closer than vessels in the E16 brains (Kruskal-
Wallis ANOVA, Dunn’s test, P <0.01, Fig. 2G). The number of
intrinsic cortical plexuses increased as previously described
(Marin-Padilla 1995), and were apparent under the cortical plate,
in the white matter, throughout the proliferative zones, and
at the surface of the ventricle. The expansion of the PVP into
the SVZ became apparent. The number of Ibal™ microglial cells
also increased, with some microglia exhibiting various morpho-
logical profiles staining intensely positive for IB4, while other
microglia were lightly stained or IB4-negative (Fig. 2E). Mitoti-
cally active 4A4™" cells divided at the edge of the ventricle and
in the SVZ (white cells, Fig. 2E).

The PVP is a Dense Bed of Anastomotic Loops Adjacent
to the Ventricle

The PVP is the first intrinsic cortical plexus to be established
in the prenatal forebrain (Marin-Padilla and Knopman 2011),
and is apparent in the VZ soon after the pial vascular plexus
forms in the meninges. Because the PVP forms near the margin
of the ventricle where NPCs divide, because it forms at the
onset of cortical neurogenesis, and because there are abundant
contacts between periventricular microglia and mitotic NPCs in
this location (Barger et al. 2019; Noctor et al. 2019), we more
closely examined vessels in the PVP.

To visualize the organization of vessels in the PVP, we
imaged IB4*" vessels near the ventricle en face in cortical slabs
preparations dissected from E19 rats (Noctor et al. 2019). This
plexus consists of vessels arranged in a repeating pattern
formed by the adjoining branches of vessels anastomosing
in circular loops near the ventricle. The anastomotic loops
measured 70.0+9.1 pm in diameter (n=68, see Fig. 3), many
of which appeared pentagonal or hexagonal in shape, and had
5 or 6 branches that joined neighboring anastomotic loops.
Across development, the PVP remained approximately 30 pm
from the ventricular surface (Fig. 2F). Thus, the PVP is a dense
vascular bed comprising a continuous sheet of interconnected
loops situated just superficial to mitotic NPCs, and that extends
along the entire lateral ventricle in dorsal cortex of embryonic
rat brains.

We next examined vessels in the PVP at higher magnification
in coronal sections prepared from E12—E20 embryos. Imaging
of the PVP vessels was performed with a 100X objective on
cortical tissue adjacent to the lateral ventricle and producing

a field of view that included up to 130 pm of tissue in the
radial dimension and 130 pum in the tangential dimension. Many
vessels in the PVP ran parallel to the ventricle, as seen en face
in Fig. 3, but vessels that coursed perpendicular to the ventricle,
for example connecting with the pial vascular plexus, and in
other orientations were also observed. All vessels in the PVP
were highly branched and anastomotic, and thus the average
length of vessel segments between branching or anastomotic
nodes was just 45 pm (E16: 44.4 +12.6 pm; E18: 41.4+13.9 pm;
E20: 45.3+14.8 pm).

Microglia are Highly Integrated with PVP Vessels

We examined vessels of the PVP in tissue counterstained with
the Ibal antibody and found that, with few exceptions, periven-
tricular microglia directly contacted vessels. The vast majority
of microglial cells were located adjacent to, on, or tightly inte-
grated within IB4" vessels (Fig. 4). We observed microglial cell
bodies in direct contact with vasculature, in some cases showing
somata wrapped around cortical vessels. Some of the microglia
appeared to migrate along vessels, and other microglia were oth-
erwise attached to vessels, appearing to ‘embrace’ vasculature
with two or three processes. Finally, some microglia were posi-
tioned close to vessels, at a distance of one or two cell bodies, but
extended cellular processes that contacted vasculature (Fig. 4C).
We quantified the proportion of microglia contacting vessels in
the VZ, and it remained above 80% throughout the neurogenic
period. At E14, 82.2 + 16.8% of microglia-contacted blood vessels;
at E16, 86.3+17.5% of microglia were in contact with cortical
vessels; at E18, 84.9+7.3% of microglia contacted vessels; and
at E20, 90.1+ 8.7% of microglia contacted vessels (Fig. 4E). These
findings matched previous descriptions of microglial cells that
noted their location adjacent to and within cortical vessels
(Rezaie and Male 1999).

Numerous Filopodia Extend from PVP Vessels

Numerous fine processes extended from IB4* vessels in the PVP.
Previous work has described cortical vasculogenesis, in particu-
lar that the growing ends of new vessels are often marked by tip
cells that extend filopodia (Marin-Padilla and Knopman 2011). In
addition to tip cells, we noted numerous filopodia that extended
from vessel walls, particularly near the ventricle (Fig.5). The
diameter of these thin processes ranged from less than 0.1 to

Figure 2 continued: Very few microglial cells were present in the cortex at E12 (green, Ibal), and also stained positive for IB4* (red) and thus appeared yellow (yellow
asterisks). (B) At E14 the pial vascular plexus was thicker and more developed. Well-formed capillaries descended toward the ventricle and connected with vessels in
the PVP that coursed parallel to the ventricle (yellow/black arrowheads). There was a small increase in the number of Ibalt microglial cells (green), which also were
mostly IB4T (yellow). 4A41 NPCs dividing at the surface of the lumen away from the ventricle are visible (white). (C) E16, the pial vascular plexus was similar to E14,
but an increased number of vessels descended through the cortical plate. Descending vessels were located at regular intervals approximately every 85 pm. Increased
branching gave rise to collateral branches forming an intrinsic cortical plexus within deeper cortical layers and the white matter. Vessels descended from the intrinsic
cortical plexus to connect with the PVP, which remained about 30 pm from the ventricle (yellow/black arrowheads). Slightly increased Ibal® microglia (green) were
apparent. Most microglia stained positive for IB4, but an increasing number were IB4 negative. Mitotically active NPCs (white, 4A4) divided at the ventricle and in the
SVZ. (D) E18, we noted an increased number of descending vessels located more closely together (~63 um), and increased complexity of vessel branching below the
cortical plate and in the SVZ. The PVP near the ventricle was thicker in the radial dimension (yellow/black arrowheads). A larger portion of cortical microglia stained
very lightly or negative for IB4. Dividing NPCs were visible at the surface and in the well-established SVZ (white). (E) E20, a greater number of vessels descended
through the cortical plate at closer intervals than at earlier stages (48 um). Intrinsic cortical plexus’ increased in number and complexity under the cortical plate, in
the white matter, throughout the proliferative zones. The PVP comprised was thicker, comprising vascular loops at multiple levels. Increased Ibal™ microglia (green)
with various morphological profiles staining intensely positive for IB4, while other microglia were lightly stained or IB4-negative. Mitotically active 4A4+ cells divided
at the ventricle and in the SVZ (white cells). (F) Histogram showing that the PVP remained approximately 30 pm from the ventricle across development. This position
placed vessels directly superficial to actively dividing NPCs during principle stages of cell genesis. One-way ANOVA showed no significant differences between
groups. (G) Histogram showing that the distance between vessels descending from the pial vascular plexus through the cortical plate decreased across development.
Inter-vessel distance was significantly decreased at E20 compared to E16 (Kruskal-Wallis ANOVA, Dunn’s post hoc test, *P < 0.01). The decreased distance between
vessels correlated with an increased number of vessels serving cortical tissue as the size of the cortex expanded. Scale bar in D applies to panels A-E.
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A Rat E19 Paraventricular Plexus ‘en face’

100 ym

B DAPI / 1B4

50 um

Figure 3. En face image of the lateral ventricle surface in embryonic day (E)19 rat cerebral cortex. (A) Low power images show the repeating pattern of vessels arranged
in a repeating pattern formed by the adjoining branches of vessels anastomosing in circular loops near the ventricle. The anastomotic loops measured about 70 pm
in diameter. (B) Higher power image showing the dense bed of anastomotic loops in the paraventricular plexus adjacent to the ventricle.

0.5 pm in diameter and varied in length from 2 to 40 pm in the
PVP. Microglia were closely affiliated with blood vessels and also
extended processes into the surrounding parenchyma. In order
to differentiate vascular filopodia from microglial processes, we
co-stained all sections with the microglial marker Ibal and sub-
tracted Ibal™ microglial processes from our analysis of filopodia
(red/white dots in Fig. 5A-C). We quantified the length and the
number of processes extending from PVP vessels at E16, E18, and
E20 (Fig. S5E). At E16, the average length of filopodia extending
from PVP vessels was 9.7 +7.8 pm; at E18, filopodia averaged
12.7£13.3 pm in length; and at E20, averaged 9.0+7.9 pm in
length. There was a large degree of variability in process length,
and greater than 65% of filopodia were longer than 5 pm at
each age.

A greater number of filopodia extended from vessels in the
PVP close to the ventricle compared to descending vessels and
vessels at other levels in the cortical wall. We compared the
number of filopodia extending from vessels in the PVP versus
those extending from vessels in the pial vascular plexus at two
stages of development. We quantified filopodia number in the
PVP and pial vascular plexus at E16 before the SVZ forms, and at
E18 after formation of the SVZ during peak cortical neurogenesis
in the rat (Bayer and Altman 1991). At E16, vessels in the PVP
extended 32.1+ 14.3 filopodia per field, while vessels in the pial
vascular plexus extended just 5.2 + 3.3 filopodia per field of view.
At E18, vessels in the PVP extended 18.3+6.9 filopodia versus
2.1+ 1.8 filopodia from vessels in the pial vascular plexus.

Filopodia Extend toward the Ventricle and Contact
Mitotic Precursor Cells

We observed that while filopodia processes extended from
the IB4" vessels in all directions, the majority was oriented
toward the ventricular surface (Fig. 6). At E14, 80.1+2.6% of PVP
filopodia extended toward the ventricle; at E16, 61.5+11.8%
extended toward the ventricle; at E18, 62.2+11.0%; and
at E20, 63.5+6.4% of PVP filopodia extended toward the
ventricle. At each age, significantly more filopodia were directed
toward the ventricle compared to all other directions (ANOVA,
Tukey’s post hoc, P<0.01 Fig.6]). The length of the longer
filopodia defined the distance between vessels in the PVP
and the surface of the ventricle, where radial glia undergo
mitosis.

Filopodia that reached the ventricle were often marked by
varicosities along the process and bouton-like swellings at the

terminal end (Fig. 6). Furthermore, filopodia varicosities and
terminal endings aligned with connexin-43 (Cx43) immunoreac-
tivity (Figs 6B-D), indicating the potential for intercellular com-
munication via gap junctions or hemi-channels between filopo-
dia and NPCs at the surface of the ventricle. The pattern of Cx43
expression we observed in the embryonic rat is consistent with
previous work in the embryonic mouse (Cina et al. 2007; Elias
et al. 2007).

Co-staining with IB4 and 4A4 showed that vascular filopodia
contacted mitotic NPCs (Fig. 6E). Analysis of high-magnification
images in confocal Z-stacks showed that some filopodia termi-
nated within the sphere of 4A4* dividing NPCs (Figs 6F-I). We
previously observed that microglial cell processes also terminate
within the sphere of 4A4™ NPCs (Noctor et al. 2019). Our images
indicate that mitotic NPCs have a complex outer membrane that
includes grooves or channels through which vascular filopodia
course, and support the concept of direct intercellular commu-
nication between endothelial cells and NPCs.

We quantified the proportion of filopodia that reached the
ventricle and/or contacted mitotic NPCs. At E16, 25.1+14.2%
of ventricle-oriented filopodia reached the surface of the
ventricle, and 13.5+10.1% of the filopodia terminated on 4A4*
mitotic NPCs. At E18, 17.9+12.1% reached the ventricular
surface and 23.2+18.6% terminated on 4A4* mitotic NPCs.
At E20, the percentage of PVP filopodia that reached the
surface of the ventricle fell to 6.3+9.7%, and the percentage
that contacted 4A4" mitotic NPCs was just 2.3+4.2%. The
lower number of filopodia contacting NPCs at E20 corresponds
with the reduction in mitotic divisions at the surface of the
ventricle in embryonic rats at the end of cortical neurogenesis
(Martinez-Cerdefio et al. 2012). The high standard deviation
resulted from vessel segments in the PVP that had a few short
filopodia that did not reach the ventricle or visibly contact
mitotic NPCs.

Filopodia Extend from Endothelial Cells

The majority of filopodia extended from IB4-labeled vessels.
Since blood vessels are composed of multiple cell types, and
since microglia were tightly integrated with blood vessels in
the embryonic cortex, we investigated the composition of the
IB4™ vessels in the PVP to identify the source of the filopodia.
Mature blood vessel walls are composed of endothelial cells,
smooth muscle cells, pericytes, and processes from astroglial
cells (Engelhardt and Liebner 2014; Iadecola 2017; Kisler et al.
2017; Mastorakos and McGavern 2019). We stained embryonic
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Figure 4. Microglia are closely integrated with isolectin B4 (IB4) labeled blood vessels in the prenatal rat ventricular zone (VZ). (A) IB4* vessels (red) in the embryonic
day (E)18 rat paraventricular plexus. Note filopodia extending from vessels near the ventricle. (B, C) Ibalt microglia (green) in the same field of view. Many microglia
in the proliferative zones stain positive for both markers (yellow), and are closely affiliated with cortical vessels, especially during early stages of development. (D)

Merged image showing location of 4A41 mitotic NPCs (blue) dividing at the ventricle in relation to microglia (green) and vessels in the paraventricular plexus (red). (E)
Between 80—90% of microglia contact blood vessels in the VZ during cortical neurogenesis. One-way ANOVA showed no significant differences between groups. Scale

bar in B applies to all panels.

rat tissue with IB4 and markers that identify components
of cortical vessels including endothelial cells (anti-CD31),
pericytes (anti-PDFGR-g, anti-NG2), and smooth muscle cells
(anti- SMA). We found that IB4T vessels in the prenatal
rat cortex stained with the endothelial cell marker CD31
(Fig. 7A), confirming the presence of endothelial cells in the
prenatal cortical vessels as previously reported (Shen et al. 2004;

Engelhardt and Liebner 2014; Bjornsson et al. 2015; da Silva
et al. 2019). We also found PDGFR-8* cells (but not NG2* cells)
adjacent to and tightly adhered to IB4" vessels (white arrows,
Fig. 7B), demonstrating the presence of pericytes along vessel
walls as previously described (Engelhardt and Liebner 2014).
We did not find evidence for consistent «-SMA™ staining on
or within vessels in the PVP, suggesting that mature smooth
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Figure 5. Vessels in the paraventricular plexus extend numerous filopodia directed toward the location of actively dividing NPCs. (A, B) IB4 labeled vessels (red) in the
paraventricular plexus of the embryonic day (E)16 rat. Microglia are stained with Ibal (green), and express both markers at this stage of development (yellow). Dotted
line indicated surface of the lateral ventricle. (C) Imaris 3D reconstruction of red IB4™ signal shown in panel A. Microglial cells and their cellular processes (red dots)
were subtracted from volumetric and filopodia analyses. (D) The volume of VZ occupied by IB4 vessels increases slowly across development from 2.3% at E14 to 6.2%
at E20, and was significantly greater at E20 than at E14, E16, and E18 (One-way ANOVA, Tukey’s post hoc test, ***P < 0.0001). (E) Histogram showing that the relative
number of filopodia extending from IB4™ vessel segments did not differ across development (One-way ANOVA), but remained comparatively constant.

muscle cells were not incorporated in the walls of vessels at
this stage of cortical development. Mature astrocytes are not
present in the prenatal rat cerebral cortex. Instead, radial glial
cells are the astroglial NPCs that reside in the VZ (Misson et al.
1991; Halliday and Cepko 1992; Malatesta et al. 2000; Miyata
etal. 2001; Noctor et al. 2001; Tamamaki et al. 2001; Anthony et al.
2004; Noctor et al. 2004) and make multiple contacts with blood
vessels (Schmechel and Rakic 1979; Levitt and Rakic 1980; Noctor
et al. 2001). Vimentin labels numerous radial glial processes
in the VZ of prenatal rats (Pixley and de Vellis 1984; Noctor
et al. 2002). Co-staining with IB4 and anti-vimentin antibodies
showed that vimentin™ processes coursed along vessels in the
VZ as previously reported, but that filopodia extending from
vessels in the PVP did not express vimentin (Fig. 8). The 3D
analysis of the quadruple-stained tissue in confocal Z-stacks
indicated that filopodia were extensions of CD31*" endothelial
cells (Fig. 7A). We found expression of CD31 associated with
filopodia but not with markers that label pericytes, smooth mus-
cle cells, or astroglial cells. We noted that filopodia also extended
from growing tip cells as noted previously (Marin-Padilla 1985;
Javaherian and Kriegstein 2009), but the vast majority of
filopodia extended from the walls of vessel segments in the PVP
aligned parallel to the ventricle (see Fig. 5). Thus, the filopodia
do not simply represent growth of the vascular system, but an
apparent interaction between vessels and cellular components
in cortical proliferative zones.

Blood Vessels Occupy a Consistent Volume near the
Ventricular Surface

We next measured the volume of the proliferative zone tissue
that was occupied by blood vessels by analyzing IB4* vessels in
confocal Z-stacks with Imaris software. Ibal™ microglial soma
and processes were subtracted from the volumetric measure-
ments. At E14, the volume of VZ occupied by IB4" vessels was
relatively low, 2.3+0.9%. The proportion of the VZ occupied
by blood vessels increased slowly across prenatal development,
reaching 6.2 +2.0% by E20 (Figs 5C and D), reflecting an increase
in the number of vessels close to the ventricle. This corre-
sponded with a constant number of filopodia extending from
vessel segments near the ventricle. Yet, the dense network of
vessels in the PVP adjacent to mitotic NPCs remained constant
throughout cortical neurogenesis.

Blood Vessels, NPCs, and Microglia are Highly
Interconnected

Throughout the period of cortical neurogenesis blood vessels
and their filopodia, periventricular microglia, and NPCs were
located in the same compartment between the PVP and the
lateral ventricle (Fig. 9), and made multiple contacts with one
another. We have previously shown that microglia make numer-
ous contacts on NPCs, with over 40% of periventricular microglia
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Figure 6. The majority of filopodia processes extending from IB4T vessels were oriented toward the ventricle across development, and were marked
by varicosities and terminal enlargements. (A) Filopodia extending from an IB4T vessel (red) in the paraventricular plexus of an E16 rat reaches
the surface of the ventricle. (B) IB4T filopodia (red) are often marked by varicosities and 1—2 pm wide terminal enlargements at the ventricle.
(C, D) Co-staining for IB4 (red) and the gap junction connexin 43 (green, Cx43) shows that Cx43 expression co-localizes with the enlargements on
vascular filopodia (white arrows). (E) IB4T vascular filopodia extend from a cortical vessel (red) and contact mitotic NPCs (blue) at the ventricular
surface. Microglia (green) are often closely affiliated with vasculature and appear yellow. (F-I) Higher power images from inset in E, show projection
images from a confocal Z-stack. (G) A vascular filopodia (red) trifurcated, each of the three processes terminating (legend continued on next page)
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simultaneously contacting three or more mitotic NPCs (Barger
et al. 2019; Noctor et al. 2019). In the current analysis, we found
that 80—90% of periventricular microglia contacted blood ves-
sels in the PVP between E14 and E20 (Fig. 4E). Statistical anal-
ysis showed that the proportion of microglia associated with
vessels in the PVP remained constant and did not differ across
development. Each microscopic field of view included dozens of
4A4+ mitotic NPCs with visible pial processes in direct contact
with blood vessels in the PVP. The number of NPC processes
that contacted vessels was significantly higher at the start of
neurogenesis (E14) compared to the end of cortical neurogenesis
at E20 (Fig. 10A). We also observed filopodia extending from
vessels in the PVP that made apparent contact with 4A4+ mitotic
precursor cells at the surface of the ventricle. At E14,39.6 +12.9%
of blood vessel filopodia visibly contacted mitotic NPCs. At
E16, 12.0+10.1% of filopodia contacted mitotic NPCs; at E18,
24.7 +18.6% of blood vessel filopodia visibly contacted mitotic
NPCs; and at E20, the proportion of filopodia contacting mitotic
NPCs fell to 2.4 +4.0% (Fig. 10B). Cycling NPCs stain positive for
the 4A4 antibody for approximately only 2 hours of the 12—
20 hour NPC cell cycle (Takahashi et al. 1995; Noctor et al. 2002;
Weissman et al. 2003; Noctor et al. 2004). Thus, this analysis
considered only the subset of actively dividing NPCs and likely
represents a fraction of contacts between vascular filopodia and
cycling NPCs in the VZ.

Discussion

Defining the cellular and structural composition of the cor-
tical proliferative zones is central for understanding factors
that regulate the function of the precursor cells that produce
cortical neurons and glial cells. We previously showed that
microglial cells phagocytose NPCs in the prenatal cortex (Cun-
ningham et al. 2013), and make extensive contacts with the
soma and processes of NPCs (Barger et al. 2019; Noctor et al.
2019). Here we provide new data showing that the developing
vasculature is a critical component in the cortical proliferative
zones and contributes to the complex environment in which
NPCs and microglia function. Overall, we show an interplay
between NPCs, microglia, and vasculature in the developing
cortex.

We show that the PVP forms at the onset of cortical neuroge-
nesis adjacent to the actively dividing NPCs that line the ventri-
cle; that this dense vascular network remains in place through-
out cortical neurogenesis; that numerous filopodia extend from
the PVP—especially toward NPCs undergoing division at the
edge of the ventricle; and that expression of the gap junc-
tion protein Cx43 is associated with filopodia. We also show a
high degree of apparent interconnectivity between blood ves-
sels, dividing precursor cells, and periventricular microglia in
the proliferative compartment that lines the lateral ventricles
of the prenatal rat cerebrum. Previous work has shown that
endothelial cells obtained from the embryonic cortex promote
NPC self-renewing divisions in culture (Shen et al. 2004), and that
there is a positive correlation between the location of NPCs and
blood vessels (Javaherian and Kriegstein 2009; Stubbs et al. 2009).

We show that cortical vasculature is highly integrated in the
cortical proliferative zones, suggesting that cortical vasculature
contributes to the regulation of NPC function through direct con-
tact via filopodial processes. Together, these data are consistent
with the concept that the function of NPCs results from signal-
ing and feedback obtained from a variety of sources including
the developing vasculature and microglia. Paraphrasing earlier
work, the production of neurons and glial cells is inseparable
from the development of fundamental components such as the
vasculature (Marin-Padilla 1995; Bjornsson et al. 2015).

The Paraventricular Plexus Forms at the Onset of
Cortical Neurogenesis

Development of cortical vasculature is first marked by the
appearance of a dense vascular plexus in the pial meninges
called the perineural vascular plexus or pial capillary plexus
(Marin-Padilla 1985; Marin-Padilla and Knopman 2011;
Bjornsson et al. 2015; Segarra et al. 2019). Endothelial cells
in this pial vascular plexus penetrate the underlying cortical
tissue and descend toward the ventricle (Marin-Padilla 1985; see
Fig. 2). Soon after the PVP is established as a collection of short
vessels in the VZ that course parallel to the ventricle, and that
remain in place throughout cortical neurogenesis (Figs 2 and 9).
The PVP has been identified as the ‘Subventricular Plexus’ in
previous studies, but we use the term ‘paraventricular plexus’
since the PVP is located exclusively in the VZ from the onset of
neurogenesis at E12 through E16. The SVZ appears as a distinct
structure in the rat neocortex after E16 (Bayer and Altman
1991), but vessels in the PVP remain in the VZ throughout
neurogenesis. As development proceeds the PVP grows thicker
and becomes closely linked with similar vessels that form in the
SVZ. A dense bed of anastomotic loops that first appear in the
PVP grows thicker in the radial dimension as the SVZ develops,
and eventually appears as a continuous plexus extending from
the ventricle through the SVZ in the E19/E20 rats (Figs 2E and 3).
The growth of the PVP into the SVZ keeps this vascular structure
closely affiliated with mitotic NPCs as the bulk of mitoses shifts
from the ventricular surface at E12 to the SVZ by E20 in the rat
(Martinez-Cerdeno et al. 2012).

Vessels in the PVP Extend Numerous Filopodia that
Contact NPCs

Earlier work has shown that endothelial cells extend leading
processes and a tip filopodium as vessels grow in the developing
cortex (Marin-Padilla 1985), not unlike migrating neurons that
extend leading processes as they navigate through cortical lay-
ers (McConnell 1985; O'Rourke et al. 1992; Schaar et al. 2004).
In addition to tip filopodia, we found that numerous filopo-
dia also extended from the walls of vessels in the PVP (see
Fig. 5). Quadruple immunostaining for markers of cell types that
comprise cortical vessels, combined with confocal microscopy
provided evidence consistent with filopodia emanating from
endothelial cells (Figs 7 and 8). The filopodia extended in all
directions from the vessels in the PVP, but at least 65% were

Figure 6 continued: with a 1 pm wide bouton-like enlargement (white arrowheads). (H, I) Z-stack analysis showed that these filopodia enlargements terminated within
the 4A41 immunosignal (blue), adjacent to the DAPI-labeled nuclear DNA (green) of this mitotic NPC. Dotted line represents surface of the ventricle. () Histogram
showing that at E14 80% filopodia processes were oriented to the ventricle, and for the remainder of development approximately 65% of filopodia were oriented
toward the ventricle. At each age significantly more processes were oriented to the ventricle versus all other directions (One-way ANOVA, Tukey’s post hoc test,

*P <0.01, ***P < 0,0001).
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Figure 7. Cortical vessels in the paraventricular plexus are composed of endothelial cells and pericytes. (A) IB4* vessels (red) in the embryonic day (E)16 rat VZ consist
of CD-317F endothelial cells (green). (B) PDGFR-g™ pericytes (green) localize along vessels in the E16 rat paraventricular plexus. Pericytes soma (green) are visible on
the perimeter of the vessels (white arrows). Vessels in the paraventricular plexus do not stain positive with antibodies against vascular smooth muscle cell actin (not
shown). Thin filopodia extending from the E16 vessels are visible. The surface of the ventricle is marked by white lines of edge of each image. Blue, DAPI.
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Figure 8. Filopodia are distinct from NPC processes and do not express vimentin. (A-C) The filopodial processes from an E18 rat that extend from IB4™ vessels (red)
are closely affiliated with radial glial processes, but are distinct from these processes and do not express vimentin (green). Vimentin® processes coursed around and
along the 1B4T vessels in the VZ (white arrows). DAPI (blue). Scale bar in A applies to all panels.

oriented toward the ventricle. Of ventricular-directed processes,
10-40% made direct contact with NPCs dividing at the ventricle
(Figs 6E-I and 10B).

The filopodia extending from vessels in the PVP exhibited
different morphological profiles. Some filopodia that contacted
NPCs had a uniform diameter from origin to terminus, while
other filopodia had varying diameters with varicosities and ter-
minal swellings up to 2 pm in diameter. The terminal swellings
were often located at the ventricular surface, and we noted that
expression of the connexin Cx43 was adjacent to and overlapped

with the terminal swellings (Fig. 6). Cx43 is expressed by astro-
cytes (Verkhratsky and Nedergaard 2018), and by astroglial cells
such as radial glial NPCs (Bittman et al. 1997; Nadarajah et al.
1997; Bittman and LoTurco 1999). Cx43 forms homomeric and
heteromeric channels with adjacent cells that express Cx43 or
other connexins, and also forms hemichannels that serve as
gated pores (Weissman et al. 2004; Verkhratsky and Nedergaard
2018). Gap junction channels serve to electrically couple adja-
cent radial glial NPCs in the VZ (LoTurco and Kriegstein 1991,
Bittman et al. 1997), and hemichannels have been shown to
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Figure 9. IB4™ vessels, microglial cells, and mitotic NPCs are tightly interconnected in the embryonic rat proliferative zones between the PVP and the ventricle. (A-
D) Vessels in the paraventricular plexus (red), microglia (green), and actively dividing NPCs (blue) are in contact with each other throughout the period of cortical
neurogenesis. Scale bars =20 pm.

IB4 / Iba1

IB4 / Ibal / 4A4

regulate NPC proliferation (Weissman et al. 2004). Cx43 is also
expressed by migrating neurons (Nadarajah etal. 1997; Cina et al.
2007), serving to regulate neuronal migration in the developing
brain (Elias et al. 2007; Cina et al. 2009; Elias et al. 2010). Published
reports also support expression of Cx43 by endothelial cells
(Okamoto et al. 2019), specifically in rat brain (De Bock et al.

2011, Belousov et al. 2017), in fetal human telencephalon (Errede
et al. 2002), and by radial glial NPCs at their interface with
endothelial cells in the human brain (Errede et al. 2014). Cx43
regulates essential endothelial cell functions including angio-
genesis (Chen et al. 2015), migration (Kameritsch et al. 2019;
Okamoto et al. 2019), and formation of the blood-brain barrier

1202 YoIe 90 UO 159NB AQ 91/ 4Z09/6€ L Z/1/ L €/9191LE/100199/W0d°dNO"dIWSPEdE//:SA)Y WOl) PapEojuMOQ



2152 | Cerebral Cortex, 2021, Vol. 31, No. 4

A

=
© o
] ]

# NPCs
Contacting Vessels
»

SN
]

N
]

E14 E16 E18 E20

vy

Contacting Mitotic NPCs

1001

(o]

o
*
*
*

(o))
<
_I
]*

S
<
_|

% BV Processes
N
o
1
i
_|

I I I IJI-_|
E14 E16 E18 E20

Figure 10. Graphs showing interconnectivity between blood vessels and mitotic NPCs in the embryonic rat VZ. (A) The relative number of soma and processes of
actively dividing NPCs that contact blood vessels is significantly higher at the onset compared to the end of cortical neurogenesis (Kruskal-Wallis ANOVA, Dunn’s
post hoc test, *P < 0.01). (B) Histogram showing the proportion of blood vessel filopodia that contact mitotic NPCs during neurogenesis. Nearly 40% of filopodia contact
mitotic NPCs undergoing cytokinesis at the ventricle in the E14 brain. Mitotic NPCs stain positive with 4A4 only during M-phase, approximately 2 hours during the
entire cell cycle. Statistical analysis showed significant differences between E14 versus E16 & E20 (One-way ANOVA, Tukey’s post hoc test, ***P <0.0001), and E18
versus E20 (One-way ANOVA, Tukey’s post hoc test, *P < 0.01). This analysis did not quantify contacts between filopodia and the interphase NPCs that are not labeled

with 4A4.

junction complex (Johnson et al. 2018). Our data showing Cx43
expression adjacent to and overlapping with vascular filopodia
at the edge of the ventricle are consistent with previous findings
of Cx43 expression by endothelial cells and suggest that gap
junctions or hemichannels may serve as a conduit for communi-
cation between endothelial cells and NPCs. Further supporting
this interpretation, we also noted terminal swellings of filopo-
dia that seemingly penetrated the soma of 4A4* dividing cells
(Figs 6E-I). These findings provide evidence that mitotic NPCs
may have a complex outer surface with depressions, grooves, or
channels through which cellular processes and filopodia course.
In addition, the data provide more evidence for direct inter-
cellular communication between endothelial cells and NPCs.
Together these data support the concept that vessels in the PVP
are more than conduits for blood supply, but rather interactive
structures that extend numerous filopodia to contact NPCs and
other cell types. Previous work has shown that endothelial cells
release soluble factors that influence NPC behavior including
self-renewal (Shen et al. 2004). Our results indicate this signaling
could occur at close range. Additional explanations for contacts
between vasculature and NPCs include feed-forward signaling
in which endothelial cells induce specific NPC behavior or influ-
ence daughter cell fate decisions, as well as feedback signaling
from NPCs to regulate key functions identified for endothelial
cells, such as vasculogenesis, stabilization of cortical vessels
(Errede et al. 2014), or regulation of blood flow in proliferative
regions with high metabolic demands. The data we present here
suggest that endothelial cells communicate via gap junctions,
hemichannels, or release of secretable factors with neighboring
cells including NPCs. We cannot rule out the possibility that
Cx43 protein was expressed by neighboring cells at the edge
of the ventricle, including NPCs undergoing cytokinesis or in
other phases of the cell cycle, newborn neurons, or microglia.
Consistent with this interpretation, whole-cell recordings and
intracellular dye filling of radial glial cells using low molecu-
lar weight dyes that can pass through gap junction channels
have not reported labeling of vascular structures (LoTurco and
Kriegstein 1991; Bittman et al. 1997). But as discussed above,

additional cell types are present at the surface of the ventricle
including microglia (Cunningham et al. 2013; Barger et al. 2019),
which also express Cx43 (Gajardo-Gomez et al. 2016).

Neuro-Immune-Vascular Triad

A key aspect of this work highlights the affiliations between
vasculature, NPCs, and microglia in the developing cerebral cor-
tex. Previous studies have reported associations between pairs
of these elements. For example, radial glial cell contact with
blood vessels was noted in the 19th century (Golgi 1886), has
been well characterized (Schmechel and Rakic 1979; Misson et al.
1988; Voigt 1989), and noted specifically for neurogenic radial
glial cells (Noctor et al. 2001). These findings matched work in
the adult SVZ that showed an affiliation between neurogenic
astrocytes and cortical vessels (Alvarez-Buylla and Garcia-Ver-
dugo 2002). An affiliation between Tbr2* intermediate NPCs
and cortical vessels has also been reported (Javaherian and
Kriegstein 2009; Stubbs et al. 2009). The affinity of microglia for
blood vessels (Rezaie and Male 1999), and NPCs (Cunningham
et al. 2013) has also been shown in previous work. Furthermore,
the concept of neuroglial-vascular units as functional partners
in both the mature and developing brain is becoming widely
appreciated (Segarra et al. 2019). Our data previous publications
by showing the complex morphology of blood vessel filopodia
in the embryonic rat VZ (Figs 4, 5, 6, and 9), that microglia are
essential components in neuro-vascular units, and that blood
vessels, microglial cells, and NPCs are tightly interwoven in
the confined space between the lateral ventricle and the PVP.
These data indicate that blood vessels, microglial cells, and NPCs
may function as a neuro-immune-vascular unit in the prenatal
cerebral cortex.

Health Implications

Pathology associated with infectious diseases such as ZIKV
and SARS-COV-2 show that endothelial cells and microglia
are susceptible to infection, including in the fetal brain
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(Lum et al. 2017; Papa et al. 2017; Ackermann et al. 2020; Labo
et al. 2020). Endothelial cells may thus serve as a route for
spreading infection widely throughout the body and also an
entry point for infectious diseases into the brain. ZIKV has been
shown to infect NPCs (Dang et al. 2016; Garcez et al. 2016; Tang
et al. 2016), and has also been associated with enlarged cerebral
vessels exhibiting abnormal morphology in fetal rhesus monkey
and ferret (Hutchinson et al. 2019; Tarantal et al. 2020), and
with impaired development of cerebral vasculature in mouse
models (Shao et al. 2016; Garcez et al. 2018). Given the complex
interconnectivity we show here between vessels, NPCs, and
microglia in the normally developing cerebrum (Fig. 9), endothe-
lial cells that become functionally impaired through infection
may further compromise nervous system development. Indeed,
we have found that Zika administration to fetal rhesus
monkeys produced abnormalities in microglial cell and Tbr2*
cell distribution, blood vessel morphology, and is correlated
with thinner cortical gray matter (Tarantal et al. 2020). Other
conditions including schizophrenia, hydrocephaly, and children
born of pre-eclamptic pregnancies have also been correlated
with vascular abnormalities (Webster et al. 2001; Lara et al. 2018;
Fehnel et al. 2019). Cortical gray matter reduction in schizophre-
nia has been associated with both neuroinflammation (Zhang
et al. 2016) and altered levels of the vascular growth factor VEGF
(Pillai et al. 2016). Inflammation and vascular abnormalities that
have been reported in some neurodevelopmental disorders may
occur in the mature brain as downstream effects of disease
progress or even medication. However, microglial activation
and release of pro-inflammatory cytokines have been shown
to decrease Cx43 expression in astrocytes in animal models
(Retamal et al. 2007; Watanabe et al. 2016). Therefore, inflamma-
tion in the developing brain may impair intercellular signaling
between NPCs, microglia, and endothelial cells, potentially
altering the typical trajectory of neurodevelopment, and
increasing the risk for onset of neurodevelopmental disorders.
The intersection of microglial cells, vasculature, and NPCs in the
developing brain amplifies the importance of understanding
how the neuro-immune-vascular unit contributes to brain
development, especially given the susceptibility of endothelial
cells and microglia to extrinsic pathogens.
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