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that vascular development of the mouse GM will provide a good model for stud-
ies of human GM vascularization and provide insights into the role of pericytes
in GM-IVH pathogenesis. Our findings show that the mouse GM presents signifi-
cantly greater vascular area and vascular branching compared to the developing
cortex (CTX). Analysis of pericyte coverage showed abundance in PDGFR-
positive and NG2-positive pericyte coverage in the GM similar to the developing
CTX. However, we found a paucity in Desmin-positive pericyte coverage of the
GM vasculature. Our results underscore the highly angiogenic nature of the GM
and reveal that pericytes in the developing mouse GM exhibit distinct phenotypi-
cal and likely functional characteristics compared to other brain regions which
might contribute to the high susceptibility of the GM vasculature to hemorrhage.

KEYWORDS

angiogenesis, germinal matrix, intraventricular hemorrhage, mice, pericytes

Abbreviations: ANGPT, angiopoietin; CTX, cortex; E, embryonic day; GA, gestational age in weeks; GFAP, glial fibrillary acidic protein; GM,
germinal matrix; GM-IVH, germinal matrix-intraventricular hemorrhage; IB4, Isolectin B4; LV, lateral ventricle; N-cadherin, neural cadherin; NG2,
neuron-glial antigen-2; NPC, neural progenitor cell; NVU, neurovascular unit; P, postnatal day; PDGF-B, platelet-derived growth factor-B; PDGFRS,
platelet-derived growth factor receptor beta; S1P, sphingosine-1-phosphate; SVZ, subventricular zone; TGF-p1, transforming growth factor-beta 1;
VEGEF-A, vascular endothelial growth factor-A; aSMA, alpha-smooth muscle actin.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology

FASEB J. 2022;36:€22339. wileyonlinelibrary.com/journal/fsb2 1of 14
https://doi.org/10.1096/1j.202200120R


www.wileyonlinelibrary.com/journal/fsb2
mailto:﻿￼
https://orcid.org/0000-0001-8293-9377
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hcuervo@uic.edu
http://crossmark.crossref.org/dialog/?doi=10.1096%2Ffj.202200120R&domain=pdf&date_stamp=2022-05-04

NADEEM ET AL.

L FASEB

1 | INTRODUCTION

Germinal matrix-intraventricular hemorrhage (GM-IVH)
is a highly feared complication in premature infants af-
fecting approximately 12 000 newborns every year in the
United States.! The GM is a highly vascularized region of
the developing brain where glial and neuronal precursors
reside underneath the lateral ventricular ependyma’; it
reaches its maximum volume around 25 weeks of gesta-
tional age, and progressively involutes into a residual mass
present at 36 weeks of gestational age.>* When severe GM
hemorrhage occurs, the ventricular ependyma breaks
filling the ventricles with blood and resulting in IVH.!
GM-IVH survivors often develop neurodevelopmental im-
pairments and, to a lesser extent, cerebral palsy, cognitive
defects, and intellectual disabilities.*”” Treatment to date
is focused on glucocorticoid administration antenatally,
which provides improved disease outcome, but there is an
obvious unmet need for better therapeutics.®

Why hemorrhage in the premature infant brain occurs
preferentially in the GM is not known, since the patho-
genesis of GM-IVH is complex and multifactorial, but is
usually attributed to the intrinsic fragility of the GM cap-
illaries, disturbances in cerebral blood flow, and some
genetic factors." The vasculature of the GM displays dif-
ferential characteristics compared to that of the develop-
ing cerebral cortex (CTX) or white matter; one of these
key differences is the high vascularity of the GM observed
during human fetal development.” Previous literature
characterizes the vasculature of the GM as an immature
network that is remodeled into a mature capillary bed as
the GM involutes.'® In the human fetal brain, the percent-
age of vessel area and the number of blood vessels have
been found to be greater in the GM for all gestational ages
when compared to other regions of the brain.’ This high
vascularity is attributed to the presence of a highly angio-
genic microenvironment.!' In the human GM, vascular
endothelial growth factor-A (VEGF-A), the predominant
angiogenic growth factor during vascular development,'
was highest in contrast to other brain regions.'’ These
findings have led to the current model which proposes
that the increased exposure of the fetal GM vasculature to
angiogenic factors promoting angiogenesis would prevent
the blood vessels from maturing resulting in an immature
vascular network with increased fragility compared with
vessels of other brain regions.

Another distinctive feature of the GM vasculature
observed during fetal development is the paucity of peri-
cytes.™ Pericytes are perivascular cells of the capillaries.™
They have essential functions during cerebrovascular
development and maturation.'*"’ During angiogenesis,
pericyte recruitment to the newly developed blood ves-
sels is mediated by the release of platelet-derived growth

factor-B (PDGF-B) by angiogenic endothelial cells.'®
PDGF-B binds to the corresponding receptor, platelet-
derived growth factor receptor beta (PDGFRf), which is
expressed by pericytes.'” PDGFRp-positive pericytes are
then recruited to the nascent blood vessels and stabilize
the growing vasculature by arresting endothelial cell pro-
liferation and by synthesizing components of the base-
ment membrane.””*! Not surprisingly, the loss and/or
dysfunction of pericytes results in abnormal angiogenesis
and hemorrhage.'***

In the GM, PDGFR@-positive pericyte coverage has
been evaluated in fetal samples and found significantly
reduced compared to other regions of the developing
brain."® This paucity of pericytes is consistent with the
reported increased vascularity and angiogenic nature de-
scribed for the GM and underscores the concept that the
vasculature of the GM shows features of immaturity com-
pared to other brain regions."?

Thus far, the majority of our understanding of the GM
vasculature comes from studies using human fetal or pre-
mature infant samples that appeared healthy but were non-
viable.>'"!3 These important studies, however, are limited
by factors related to the use of post-mortem human tissue
including sample availability, accessibility, and quality.
Appropriate animal models are an invaluable tool to over-
come some of these technical limitations and better dissect
the causative factors and the pathogenesis of GM-IVH.
Mice in particular, are easily accessible for genetic manipu-
lations making them ideal animal models to study different
human diseases and disease processes. Several investigators
have used mouse models to begin addressing the cellular
basis of intracerebral hemorrhage in mice.”** However,
the developmental anatomy and vascularization of the GM
in mice have not been well documented. Thus, it is unclear
how phenotypically comparable the developmental mouse
GM is to that of the developmental human GM limiting the
confidence of the use of mouse models to uncover the bases
of GM-IVH pathogenesis and in preclinical studies. We hy-
pothesize that vascular development of the mouse GM will
provide a good model for studies of human GM vasculariza-
tion and provide insights into the role of pericytes in GM-
IVH pathogenesis.

In this study, we provide a comprehensive analysis
of the mouse GM vasculature during development. Our
findings show that similar to the human GM, the mouse
GM also undergoes stages of growth and involution and
is highly vascularized compared to other brain regions.
Unexpectedly, pericyte coverage in the mouse GM is highly
abundant as opposed to the paucity of pericytes described
in the human GM. We also found that the mouse GM is
heterogenous in its expression of pericyte markers, which
may influence the GM susceptibility to hemorrhage. Our
findings highlight important similarities and differences
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between the human and the mouse GM which should be
considered towards the use of mice to model or study the
pathogenesis of GM-IVH.

2 | MATERIAL AND METHODS

2.1 | Mice

Wild-type (C57BL/6J, JAX: 000664) mice from embryonic
(E) 10.5 to postnatal (P) 5 days old were used for our stud-
ies for the evaluation of GM and CTX growth, vasculariza-
tion and pericyte coverage.

PDGFRp-P2A-CreER™°  were  interbred  with
Rosa26thomato (Gt(ROSA)26SO,,tm9(CAG—tdTomato)Hze’ JAX:
007909) mice*! in order to monitor recombination ef-
ficiency and specificity, and for further data acquisi-
tion. PDGFRp-P2A-CreER™ were also interbred with
ROSCL26meG (Gt(ROSA)Z6SOI‘tm4(ACTB_thomato’-EGFP)Luo,
JAX: 007676) mice* to evaluate pericyte morphology.

For Cre-mediated recombination, pregnant females
were treated with 3 mg/day of tamoxifen (Sigma, T5648;
dissolved in corn oil (Sigma, C8267) at 30 mg/ml) by oral
gavage on E10.5 and E11.5.

All experiments were performed in compliance with
the Animal Care Committee guidelines at the University
of Illinois at Chicago under protocol ACC 22-014. Animals
were maintained and treated with humane care according
to the Guide for the Care and Use of Laboratory Animals.>
Females and males were used indistinctively in these
studies.

All data were analyzed and reported in compliance
with the ARRIVE (Animal Research: Reporting In Vivo
Experiments) guidelines.

2.2 | Tissue collection and
sample processing

Plugged females were euthanized at the appropriate em-
bryonic age (E10.5, E11.5, E14.5, E16.5, or E18.5) by CO,
asphyxiation and cervical dislocation. Embryos were har-
vested and processed as previously described.’ Briefly,
after removing the yolk sac and the embryonic mem-
branes, whole embryos were collected at E10.5, E11.5, and
E14.5 time points, and brains were collected at E16.5 and
E18.5. For postnatal studies, mice were decapitated, and
brains were collected at P5.

Collected tissues were fixed in 4% formaldehyde
(Thermo Fisher Scientific) overnight at 4°C. After fixa-
tion, tissues were cryoprotected by immersion in 30% su-
crose solution in PBS for 24 h at 4°C, embedded into OCT
(Tissue Tek) and stored at —80°C until sectioning.
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2.3 | Immunofluorescence staining
Forebrain coronal sections (40 wm) were incubated
with permeabilizing solution in 1X PBS containing 1%
BSA (Fisher Bioreagents) and 0.5% Triton-X-100 (Fisher
Bioreagents) overnight at 4°C on a nutator. Samples were
then immunostained in PBLEC (5% Triton X-100, 1 M
MgCl,, 1 M CacCl,, and 1 M MnCl, in 1X PBS) overnight
at 4°C with Biotinylated IB4 (1:50; Vector Laboratories;
Cat# BAF1042) and/or the following antibodies: goat
anti-PDGFRp (1:100; R&D Systems; Cat# BAF1042),
rabbit anti-NG2 (1:700; Millipore; Cat# AB5320), rab-
bit anti-Desmin (1:500; Abcam; Cat# AB15200), anti-
aSMA-FITC (1:200; Millipore Sigma, Cat# F3777).
Following primary antibodies, sections were incubated
in the secondary antibodies overnight at 4°C. Secondary
antibodies used were Streptavidin Alexa 647, and Alexa
488-, 594-conjugated donkey anti-rabbit or anti-goat
(1:700; Invitrogen). After completion of staining, slides
were mounted using antifade mounting medium with
DAPI (Vector Laboratories).

2.4 | Image acquisition and data analysis
Confocal imaging (20x, 40X with water immersion or 63X
with oil immersion) was performed on a Zeiss LSM 880
Confocal microscope with Airyscan (Carl Zeiss). Image J
software (National Institute of Health) was used for quan-
tification and analysis of the GM and the CTX.

Vessel area was quantified as the threshold value of
IB4-positive endothelial cells per total field area (mm?).
The number of IB4-positive vessel branches was quan-
tified per field area (mm?). For vessel diameter, 10
measurements of vessel width per field were acquired
and the average diameter was calculated and plotted.
For PDGFR@-positive pericyte coverage, PDGFRp and
IB4 staining overlap was calculated as previously de-
scribed.* Similarly, NG2 and 1B4 staining overlap was
calculated for NG2-positive pericyte coverage. Desmin-
positive pericyte coverage was calculated as a percent-
age of Desmin staining threshold value over vascular
staining threshold value.

To quantify the number of pericytes in the GM and the
CTX, we defined pericytes (NG2"; PDGFRP~, PDGFRB™;
NG2~, PDGFRB*; NG2*, Desmin*; PDGFRf~, PDGFRf*;
Desmin~, PDGFRpB*; Desmin®) as cells with a distinct,
round protruding cell body with processes in close prox-
imity to the IB4-positive blood vessels, as described
previously.*

tdTomato recombination in pericytes was measured as
the percentage of tdTomato reporter expression associated
with NG2* pericytes.
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To document GM and CTX growth and involution,
tiled images (8x) were acquired on Zeiss Axio Zoom.V16
(Carl Zeiss). Using DAPI staining, ten measurements of
the GM and CTX width were made within the same sec-
tion; the average width was calculated and plotted.

2.5 | Statistical methods

All data were plotted and analyzed using GraphPad Prism
9. In the study, n refers to the number of animals used
per timepoint evaluated. Since this was an exploratory
experiment, we did not formally perform a priori power
analyses. Data were checked for normality using the
Shapiro-Wilk test and were analyzed using a two-way
ANOVA with Bonferroni's multiple comparisons test. For
non-normal variables, the Mann-Whitney U test was ap-
plied. p < .05 was considered to be statistically different.
Data are presented as mean + SD.

3 | RESULTS

3.1 | Timeline of germinal matrix
growth and involution in mice

The germinal matrix (GM) is a highly vascularized area of
the developing brain. It is located adjacent to the wall of
the lateral ventricles (LVs), comprising of the lateral and

(A) E10.5 E11.5 E14.5 E16.5

GM/SVZ

(E) E10.5

Dorsal =~CTX:

Ventral .II :

medial ganglionic eminences in the ventral telencephalon
region of the developing forebrain.* In the human brain,
the GM growth and involution has been thoroughly stud-
ied: the GM is first observed at 7-9 weeks of gestational
age, it is greatest between 20 and 26 weeks, and it is almost
completely involuted by 33 weeks.>**” However, at pre-
sent, a thorough assessment of the developmental events
of the mouse GM has not been reported.

To provide a comprehensive timeline of the growth
and involution of the GM in mice, we collected forebrains
from C57BL/6J wild-type mice at different time points
of development, beginning at embryonic day (E) 10.5
when previous studies report the medial ganglionic em-
inences are first observed.*®* We stained cryosections
using DAPI to identify the GM as the region of the brain
located adjacent to the ventral wall of the LVs consisting
of small, round, and densely packed cells as previously
described.®* GM width was quantified in parallel with
the developing CTX at several time points: E10.5, E11.5,
E14.5, E16.5, E18.5, and postnatal (P) day 5 (Figure 1A-
D). We observed GM expansion in width from E10.5
(~100 wm) until E14.5, when it was widest (>500 pum)
(Figure 1B,D). After E14.5 the GM width decreased
and by postnatal day (P) 5, the GM had involuted to a
small region (<50 um) referred to as the postnatal sub-
ventricular zone (SVZ) (Figure 1B,D).* As a reference,
the development the CTX, continued expanding expo-
nentially in size from E10.5 to P5 (Figure 1A,C). Overall
these findings provide a comprehensive assessment of
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FIGURE 1 The GM of mice grows in size until E14.5 and involutes by P5. (A,B) Coronal sections stained with DAPI (white) to identify
the developing cerebral cortex (CTX), germinal matrix (GM) and postnatal subventricular zone (SVZ) regions. Dashed lines highlight the
CTX (purple) and GM/SVZ® regions of the brain. (C,D) Quantification of CTX (C) and GM (D) width during development. Scatter dot plots
show mean values with standard deviation. n = 5 mice for all time points. (E) Scheme of the developing CTX and GM during development
E10.5-P5. Dashed boxes represent fields used in measuring the CTX and GM width. LV, lateral ventricles; E, embryonic; P, postnatal. Scale
bar, 190 um
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the developmental stages of GM growth and involution
in the mouse embryo (Figure 1E).

3.2 | The mouse GM exhibits
increased vascularity compared to the
developing CTX

Premature infants affected by GM-IVH primarily bleed in
the GM and not in other regions of the brain, such as the
developing cerebral CTX, suggesting there is an intrinsic
fragility of the blood vessels of the GM compared with ves-
sels of other brain regions." This prompted us to examine
the vasculature of the GM in mice during development
and aim to identify differences in the GM vasculature
compared to the developing CTX.

To evaluate the vasculature of the GM and the CTX,
we immunostained cryosections of wild-type mouse fore-
brains at different time points, from E10.5 to P5, using
Isolectin B4 (IB4) to label the blood vessels (Figure 2A,B).
Consistent with previous findings,””* we observed that
vascularization of the GM begins at E10.5 when the vessels
first sprout from the outer pia-associated vascular plexus
towards the LV (Figure 2B). At E11.5, the vessels begin ex-
panding dorsally into the developing CTX (Figure 2A).2**
We evaluated vessel area in the GM and the CTX over time
until P5. We observed a steady increase in vessel area in
the GM from E10.5 until E18.5 (Figure 2C). When com-
pared to the CTX, where vessel area increased until E14.5,
the GM had significantly greater vessel area at most of the
timepoints analyzed (Figure 2A-C). To determine if the
increased vessel area was due to an increase in the num-
ber of blood vessels or an increase in blood vessel size,
we evaluated the number of vessel branches over time.
Analysis of the number of vessel branches in the GM and
the CTX showed an increase akin to that of the vessel
area. The number of vessel branches was also significantly
greater in the GM than the CTX (Figure 2D). We next mea-
sured the vessel diameter at the different time points. All
of the time points analyzed showed no significant differ-
ences between the GM and the CTX (Figure 2E). Taken
together, our data indicate that the mouse GM exhibits
increased vascularity compared to the CTX due to an
increased number of vessel branches, and not due to in-
creased vessel diameter.

3.3 | Similar pericyte coverage
between the GM and the developing CTX
in mice

Pericytes have well-described roles in cerebrovascular
development and maturation.'*” Previous literature has
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shown that there is a paucity of pericytes in the GM of
healthy-appearing, nonviable premature infants," sug-
gesting that this feature of the GM vasculature is a key
contributor to rendering it susceptible to hemorrhage
upon premature birth. To gain further insights into the
dynamics of pericytes in mouse GM, we evaluated the
pericyte coverage of the GM and the CTX at different time
points during development. For this purpose, we per-
formed immunofluorescent staining of pericytes and the
endothelium. We used IB4 to label the endothelium, and
anti-PDGFR to label pericytes. We selected PDGFRp as
a primary marker for studying pericytes since it has been
reported to be expressed consistently across all stages
of brain development.>> We analyzed pericyte cover-
age of the GM and CTX vessels at different time points
(E10.5-P5) as shown in Figure 3(C). Consistent with
previous literature,””*" we observed very few PDGFR-
positive pericytes in the GM at E10.5 (Figure 3B,D). There
was a further increase in their recruitment to the GM and
CTX vasculatures from E11.5 onwards (Figure 3A,B,D).
We also observed an increase in pericyte coverage during
development in both regions of the brain. Surprisingly,
we did not observe any significant differences between
the PDGFRf-positive pericyte coverage of the vessels in
the GM and the CTX at any developmental time point
evaluated (Figure 3D). In fact, pericytes appeared simi-
larly associated with the endothelium in both the GM and
the CTX (Figure 3A,B), in contrast to previous studies in
humans, which reported a paucity in pericyte coverage
using PDGFR(." In conclusion, our findings point to a
similar pericyte coverage between the GM and the CTX
vasculature during mouse embryonic brain development
highlighting an important difference between the human
and the mouse GMs.

3.4 | Delayed pericyte acquisition of NG2
expression in the GM

The absence of any differences in PDGFR-positive peri-
cyte coverage in either the GM or the CTX prompted
us to evaluate other pericyte markers in the develop-
ing GM. Currently, the known pericyte markers ex-
pressed during embryonic mouse brain development are
PDGFR{, neuron-glial antigen-2 (NG2) (both of which
are membrane-expressed) and desmin, an intermediate
filament.*> To investigate potential differences in peri-
cyte marker expression between the GM and CTX more
thoroughly, we first immunostained embryonic mouse
brain samples with IB4 to label the endothelium and per-
formed dual labeling of pericytes using anti-PDGFRf and
anti-NG2 (Figure 4A,B). We observed that NG2-positive
pericyte coverage was deficient in the GM at early stages
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FIGURE 2 Greater vessel area and number of vessel branches in the mouse GM compared to the developing cerebral CTX. (A,B)

Coronal sections stained with Isolectin B4 (IB4, white) to visualize the vasculature of the developing cortex (CTX, purple dashed lines) and

the germinal matrix/postnatal subventricular zone (GM/SVZ, green dashed lines). Note that IB4 is also expressed by macrophages, which

are present in the E10.5 CTX (yellow asterisk) and are excluded from the vessel analysis. (C-E) Quantification of vessel area (C), number

of vessel branches (D), and vessel diameter (E) (n = 5-9). Scatter dot plots show mean values with standard deviation. Data was analyzed

using a multiple comparison test using Mann-Whitney U test. *p < .05, **p < .01. LV, lateral ventricle; E, embryonic; P, postnatal. Scale bar,

100 pm

of vessel formation compared to the CTX (Figure 4A-
C). From E11.5 onwards, there was an increase in NG2-
positive pericyte coverage over development (E11.5-P5)
in both the developing CTX and the GM. Further, there
were no significant differences in coverage between the
GM and the CTX from E14.5-P5, consistent with our re-
sults obtained using anti-PDGFRp (Figure 4C).

To further evaluate the distribution of PDGFRp-
positive and NG2-positive pericytes between the different
regions of the brain and over development, we quantified
the number of pericytes in the GM and CTX expressing
NG2 and PDGFRp. We found that all NG2-positive peri-
cytes expressed PDGFRp. There was a small but notable
population of PDGRA™; NG2™ pericytes (11.97%) at E11.5
in the GM which was not present in the CTX (Figure 4D).
From E14.5 onwards, there was an increase in the per-
centage of PDGRB™; NG2" pericytes (97%-100%) in the
GM (Figure 4D). This data underscores the lack of signif-
icant differences in pericyte coverage previously observed
between the GM and the CTX in humans. Additionally,
it highlights a population of newly recruited PDGFRp-
positive pericytes that initially lack NG2 expression in the

GM, suggesting pericytes of the GM may be more imma-
ture at early stages of angiogenesis compared to the CTX.

3.5 | The GM vasculature has a paucity of
Desmin-positive pericyte coverage

We next immunostained the brain samples with 1B4 to
label the endothelium, and dual staining of pericytes using
anti-PDGFRf and anti-Desmin (Figure 5A,B). We evalu-
ated Desmin-positive pericyte coverage of the endothe-
lium during development (E11.5-P5). Our observation
revealed that Desmin coverage increases in the CTX and
the GM during development (Figure 5C). Interestingly,
we observed that coverage was significantly lower in the
GM compared to the developing CTX (Figure 5C). We
next quantified the number of PDGFRp-positive pericytes
which express Desmin. While all Desmin-positive peri-
cytes expressed PDGFRp, we found some variability in the
expression and distribution of PDGFRA*; Desmin* peri-
cytes in the GM (64.47% at E11.5, 50.47% at E14.5, 43.49%
at E16.5, 65.56% at E18.5, and 9.37% at P5) (Figure 5D).
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FIGURE 3 PDGFR-positive pericyte coverage is similar between the mouse GM and the developing cerebral CTX. (A,B) High
magnification images of the developing cortex (CTX) and the germinal matrix/postnatal subventricular zone (GM/SVZ) stained for blood
vessels using Isolectin B4 (IB4, blue), and for pericytes (anti-PDGFR, red). Purple dashed lines mark the CTX, and green dashed lines
highlight the GM/SVZ regions. Yellow asterisk indicates IB4 labeled macrophages at E10.5 in the CTX. Cropped individual images (white
solid boxes) of the endothelium and PDGFRp-positive pericytes are displayed below each timepoint to best visualize pericyte coverage of the
blood vessels (A’,B’). (C) Example of data and method used to quantify pericyte coverage (see Materials and Methods). (D) Quantification
of pericyte coverage reveals no significant differences between the CTX and the GM. Scatter dot plot shows mean values with standard
deviation n = 5 per time point except E10.5 (n = 4) and P5 (n = 3). Data was analyzed using a two-way ANOVA with Bonferroni's multiple

comparison test. LV, lateral ventricles; E, embryonic; P, postnatal. Scale bar, 50 um

Altogether, these observations suggest there is a defi-
ciency of Desmin-positive pericytes in the GM.

Desmin is an intermediate filament associated with cell
contractility.*** Its deficient expression in pericytes of
the GM prompted us to evaluate other markers associated
with pericyte contractility. For this, we immunostained
for anti-alpha-smooth muscle actin («dSMA), in addition
to IB4 to label the endothelium. Our findings did not yield
any aSMA expression in the GM or the CTX (Figure S1).
This suggests to us pericytes of the developing mouse
brain are not likely to exhibit major contractile functions.

3.6 | Pericytes of the mouse GM
vasculature do not differ in morphology
compared to the CTX

Pericyte identification relies heavily on specific marker
expression and morphology. Our observations regarding
the variability in marker expression of pericytes in the GM
and CTX suggest the existence of different pericyte popu-
lations exhibiting distinct pericyte marker expression in
the different brain regions. To further understand pericyte
heterogeneity between the two brain regions, we evaluated
pericyte morphology using PDGFRp-P2A-CreER™ mice to
allow for Cre-mediated expression of tdTomato expression

in pericyte nuclei using the Rosa26'7°™ reporter mice,"

and also the expression of membrane localized EGFP
using the Rosa26™™C reporter mice.*?

We have previously shown that the PDGFRf-P2A-
CreER™ mouse line can efficiently target pericytes of the
postnatal retina and brain.*® To evaluate if pericytes of the
embryonic mouse brain were also efficiently targeted, we
induced tdTomato expression in PDGFRj-P2A-CreER"?;
Rosa26"™™° mjce through tamoxifen administra-
tion to the pregnant female at E10.5 and E11.5, stages
of initial vascularization of the brain. Recombination
efficiency in pericytes at E14.5 in the GM and the CTX
was 91.91 + 1.42% and 95.34 + 0.94% respectively
(Figure S2A,B). We then evaluated the morphology of
pericytes using tamoxifen treated PDGFRp-P2A-CreER"%;
Rosa26'T°™° mice. Extensive analysis of the CTX and
GM did not reveal any differences in pericyte morphol-
ogy between these two brain regions (Figure S2C). For a
more comprehensive analysis of the pericyte membrane
morphology, we also evaluated pericytes using PDGFRf-
P2ACreER™: Rosa26™™C mice. Analysis of these mice
showed no obvious differences in pericyte morphology
between the GM and CTX pericytes at E14.5 or E18.5
(Figure S2D).

Although out data suggests that pericyte morphology is
comparable between the two brain regions, our observations
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FIGURE 4 Delayed NG2 expression in pericytes of the mouse GM compared to the developing cerebral CTX. (A,B) High magnification

images of the developing cortex (CTX) and the germinal matrix/postnatal subventricular zone (GM/SVZ) stained for blood vessels using
Isolectin B4 (IB4, blue) and for pericytes with anti-PDGFRp (red) and anti-NG2.%® Purple dashed lines mark the CTX, and green dashed
lines highlight the GM/SVZ regions. Cropped individual images (white solid boxes) of the endothelium and pericytes are displayed below

each timepoint to best visualize the overlap of NG2 and PDGFR} expression and pericyte coverage of the blood vessels (A’,B"). Note that

in the CTX and the GM/SVZ, NG2 is also expressed by oligodendrocyte precursor cells beginning at E14.5; these cells were excluded from

the analysis. (C) Quantification of NG2-positive pericyte coverage reveals reduced coverage at E11.5 in the GM. Scatter dot plot shows

mean values with standard deviation. n = 5 per time point except P5 (n = 3). Data was analyzed using a two-way ANOVA with Bonferroni's
multiple comparison test. *p < .05. (D) Quantification of NG2*; PDGFRB™ (gray), PDGFRp*; NG2~ (red) and PDGFR™; NG2* (yellow)
pericytes over total pericytes counted per field. n = 5 per time point except P5 (n = 3). LV, lateral ventricles; E, embryonic; P, postnatal. Scale

bar, 50 um

regarding the heterogeneity in marker expression of peri-
cytes in the GM and CTX point to the existence of different
pericyte populations with distinct phenotypical and likely
functional characteristics in the different brain regions.
These differences may be an important contributor to the
increased GM vasculature susceptibility to hemorrhage.

4 | DISCUSSION

Germinal matrix-intraventricular hemorrhage is a dev-
astating complication affecting premature infants yet,
despite its significance, the mechanisms underlying GM-
IVH remain obscure. Much of our understanding of the
GM vasculature comes from the autopsy brain samples
from premature infants, which has led to propose a model
where the intrinsic fragility of the GM vasculature, fluctu-
ations in cerebral blood flow, and genetic factors together
contribute to the pathogenesis of GM-IVH." Increasingly
over the past few years, a number of studies have begun
using mice to interrogate the mechanisms of hemorrhage
in the GM. These animal modelsinclude (1) lesion-induced

models using glycerol,* blood and blood derivatives* and
collagenase®; and (2) genetically modified models such
as transgenic mice with mutations in the alpha-v subu-
nit of integrins,*’ mice overexpressing VEGF,** and mice
with mutations in the procollagen IV gene® (Table S1).
Numerous mouse models have also identified neurovas-
cular pathways regulating GM vessel maturation,*>>2%
endothelial cell pathways which maintain GM vascular
integrity,”® pathways in pericytes which regulate vascular
morphogenesis in the GM,” and genetic mutations that
have important implications in GM-IVH.?®*’ While these
studies have made valuable advances in our understand-
ing of the cellular mechanisms mediating GM vascular
stability, they often rely on knowledge acquired from se-
lect specific time points, and their conclusions are based
on the data derived from human samples. Knowledge per-
taining to the development of the mouse GM and a de-
tailed study of GM vascularization is lacking, preventing
the adequate assessment of the information derived from
mouse models in the study of GM-IVH.

In this work, we report the developmental stages of
GM growth and involution in mice to provide insight into
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the mouse GM dynamics. Specifically, we found that the
GM begins growing in size at E10.5 and reaches its wid-
est size at E14.5. Interestingly, previous descriptions of
neural progenitor cell (NPC) proliferation in mice greatly
overlaps with the stages of GM growth we have identi-
fied. NPC proliferation in mice is documented to begin at
E10.5, with the appearance of the medial ganglionic em-
inence and peak at E14/E15 after which proliferation de-
clines.**>*! This is analogous to the dynamics of the GM
in humans where GM expansion also corresponds with
NPC proliferation.’

Our results also show that the mouse GM vasculature
has greater vessel area and number of vessel branches
compared to the cerebral CTX at most of the time points
analyzed. This finding of higher vascularity in the mouse
GM is comparable to the observations from the human
GM which also report a greater vessel area and number
of blood vessels.” The increased vessel area and vessel
branches, but not vessel diameter in both the mouse and
human GM compared to other areas of the developing

brain point to a greater angiogenic response of the GM.
This supports the current concept that the vasculature
of the GM is immature compared to other regions of the
brain, which may explain the susceptibility of the GM vas-
culature to hemorrhage.

Evaluation of PDGFRp-positive pericyte coverage
between the GM and the cerebral CTX in mice reveals
similar pericyte coverage between the two brain re-
gions during embryonic development. Other studies in
mice present similar results in which pericyte coverage
in the embryonic brain vasculature was comparable
across different brain regions.>> However, this finding
is in contrast to the reports on the developing human
brain where there is a paucity in pericyte coverage in
the GM." The subjects used in human studies are vari-
able and consist of premature infants of 23-40 weeks of
gestation age and abortuses of 16-22 weeks'?; it is likely
that factors such as the mode of delivery and the clinical
status of human subjects in addition to the molecular>
and functional®® differences between the mouse, and
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human brain vasculatures contribute to the discrepan-
cies observed.

Assessment of other pericyte markers in the GM shows
significantly lower NG2-positive pericyte coverage in the
GM at E11.5 compared to the CTX. Consistent with this,
we observe more PDGFRp"; NG2™ pericytes in the GM at
E11.5 than in the CTX. NG2 has been previously reported
as a marker for pericytes expressed later than PDGFRp*>*;
hence, the differences observed in PDGFRp and NG2 ex-
pression suggest that pericytes of the GM may be more im-
mature during these early stages of angiogenesis. Similar
heterogenous marker expression, PDGFRp-positive and
NG2-negative immunoreactivity patterns were observed
in the cerebral CTX,*® which we did not observe in our
study. It is possible that if the PDGFRB*; NG2~ popula-
tion is, as suspected, a more immature precursor to the
PDGFRB*; NG2" population with a short timeframe of
existence, we might have missed in the timeline of our
evaluation of CTX. In the human, PDGFRf and NG2 ex-
pression in the early angiogenic GM has not been reported
prior to 17 weeks of gestational age13; it is, therefore, dif-
ficult to derive similarities or differences in early pericyte
differentiation and expression of PDGFRp and NG2 be-
tween the mouse and human GM.

Additional investigation into the mouse GM pericytes
using Desmin shows pericytes of the GM are distinct from
those of the developing cerebral CTX. In the GM, the ex-
pression and distribution of PDGFR*; Desmin™ pericytes
is highly variable when compared to the CTX. Desmin is
an intermediate filament protein that is required for con-
tractile functions.* It is expressed by both mature and im-
mature pericytes, and its expression is suggested to be a
measure of vessel stability.>>** The lack of Desmin expres-
sion in the GM pericytes may contribute to the fragility
of the GM vessels. However to date, it is unknown what
Desmin-positive pericyte coverage is in the human GM as
the only information reported is that very few pericytes of
the developing human brain express Desmin."* To the best
of our knowledge any additional differences in pericyte
marker expression in human samples and animal models
of GM-IVH have yet to be described.

A question that remains unresolved and opens an excit-
ing follow-up of this work relates to the molecular factors
in pericytes which differ between the GM and other brain
regions. Several ligand-receptor signaling pathways are
known to mediate pericyte and endothelial interactions.™*
Ballabh et al evaluated the differential expression of sev-
eral ligand-receptor pathways essential for pericyte recruit-
ment and maturation in the healthy developing human
fetal GM." The pathways evaluated include angiopoietin,
platelet-derived growth factor-B (PDGF-B), transforming
growth factor-beta 1 (TGF-p1), sphingosine-1-phosphate
(S1P) and their respective receptors. Their work describes

lower expression of TGF-p protein and higher expressions
of S1P1 and neural cadherin (N-cadherin) levels in the
fetal GM than the CTX. In mice, pericyte-specific deletion
of the TGF-p protein receptor Alk5 leads to GM-IVH, un-
derpinning the importance of pericytes in stabilizing the
GM vasculature in mice?” while also underscoring the
molecular similarities between the mouse and human
GM pericytes. These studies provide some insight into the
possible molecular cues regulating the pericyte heteroge-
neity described in our study and support the concept that
despite the similarities in pericyte coverage between the
mouse GM and the CTX, mouse GM pericytes are phe-
notypically and functionally heterogenous. Future stud-
ies exploring pericyte heterogeneity and the mechanistic
regulation of pericyte function between the GM and other
regions of the brain will further contribute to the overall
understanding of pericyte biology and will also provide in-
sight into the phenotypical and functional differences of
GM pericytes which influence the susceptibility of the GM
vasculature to hemorrhage.

Brain pericytes are uniquely positioned within the neu-
rovascular unit (NVU) to interact with other cell types,
such as neurons and astrocytes, which are also present
within the NVU. In the mature mouse brain, pericytes
are able to communicate and regulate neuronal survival
by the release of neurotrophic factors or through com-
munication with astrocytes.”*> Very little, however, is
known about how pericytes might interact with NPCs in
the GM. Interestingly, similar to pericyte coverage, glial
fibrillary acidic protein (GFAP) expression in astrocyte
end-feet of the healthy fetal GM is deficient compared to
CTX.>® This decrease in GFAP expression is speculated to
also contribute to the fragility of the GM vasculature and
its propensity to hemorrhage. Different mouse models
have demonstrated the importance of pericyte-astrocyte
communication in the regulation of blood-brain barrier
stability,'”*"*® which is further supported by in vitro data
reporting that astrocytes modulate pericyte synthesis of
extracellular matrix molecules essential for providing
structural stability to the vasculature.”® However, it has yet
to be reported whether pericytes are in close interaction
with astrocytes during development of the healthy fetal
GM. A comprehensive evaluation of pericyte interaction
and communication with other cell types during the de-
velopment of the GM and in animal models of GM-IVH
(Table S1) would be of great value to further our under-
standing of GM-IVH pathogenesis.

GM-IVH-induced neuroinflammation is one of the most
relevant pathological features associated with brain injury
to the white matter that may contribute to long-term neuro-
logical complications.®® Many of the animal models of GM-
IVH are associated with an inflammatory response such as
increased neutrophil infiltration, activated microglia and
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gliosis.” Interestingly, pericytes have been reported to reg-
ulate immune responses in the central nervous system.'®%
However, whether the differences in pericytes between the
GM and other brain regions is a contributing factor to the
progression of neuroinflammation in GM-IVH, and how
neuroinflammation might affect the expression of pericyte
markers, pericyte coverage, and pericyte morphology in
GM-IVH remains to be established.

Today, the most effective strategy for the prevention of
GM-IVH is to reduce the risk of GM-IVH using prenatal
and postnatal interventions. The most common treatment
is the administration of antenatal glucocorticoids, which
are used to prevent respiratory distress syndrome in prema-
ture infants.® Understanding the pathogenesis of GM-IVH
is necessary for a more specific and targeted therapeutic
intervention. Through this study, we have provided a com-
prehensive examination of the mouse GM and compared
it to the previously reported findings on the human GM,

as summarized in Figure 6. We have identified key sim-
ilarities and differences between the mouse and human
GM; while not all aspects of the mouse GM model that
of the human, the mouse remains, nonetheless, useful for
genetic manipulations or experimental inductions which
are key to further our much needed understanding of GM-
IVH pathogenesis.
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