1406 - The Journal of Neuroscience, February 23, 2022 - 42(8):1406-1416

Development/Plasticity/Repair

Mlic1-Expressing Perivascular Astrocytes Promote
Blood-Brain Barrier Integrity

John E. Morales, ““Arpan De, ““Alexandra A. Miller, Zhihua Chen, and Joseph H. McCarty

Department of Neurosurgery and Brain Tumor Center, University of Texas M. D. Anderson Cancer Center, Houston, Texas 77030

In the mammalian brain, perivascular astrocytes (PAs) closely juxtapose blood vessels and are postulated to have important
roles in the control of vascular physiology, including regulation of the blood-brain barrier (BBB). Deciphering specific func-
tions for PAs in BBB biology, however, has been limited by the ability to distinguish these cells from other astrocyte popula-
tions. In order to characterize selective roles for PAs in vivo, a new mouse model has been generated in which the
endogenous megalencephalic leukoencephalopathy with subcortical cysts 1 (Mlcl) gene drives expression of Cre fused to a
mutated estrogen ligand-binding domain (Mlc1-T2A-CreERT2). This knock-in mouse model, which we term MLCT, allows for
selective identification and tracking of PAs in the postnatal brain. We also demonstrate that MLCT-mediated ablation of PAs
causes severe defects in BBB integrity, resulting in premature death. PA loss results in aberrant localization of Claudin 5 and
-VE-Cadherin in endothelial cell junctions as well as robust microgliosis. Collectively, these data reveal essential functions for
Micl-expressing PAs in regulating endothelial barrier integrity in mice and indicate that primary defects in astrocytes that
cause BBB breakdown may contribute to human neurologic disorders.

Key words: angiogenesis; endothelial cell; juxtavascular; megalencephalic leukoencephalopathy with subcortical cysts 1;

microenvironment; neurovascular

‘s

ignificance Statement

-

Interlaced among the billions of neurons and glia in the mammalian brain is an elaborate network of blood vessels. Signals
from the brain parenchyma control the unique permeability properties of cerebral blood vessels known as the blood-brain
barrier (BBB). However, we understand very little about the relative contributions of different neural cell types in the regula-
tion of BBB functions. Here, we show that a specific subpopulation of astrocyte is essential for control of BBB integrity, with
ablation of these cells leading to defects in endothelial cell junctions, BBB breakdown, and resulting neurologic deficits.
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Introduction

Astrocytes are a heterogeneous collection of glial cells that play
essential roles in CNS development and physiology (Khakh and
Deneen, 2019). Perivascular astrocytes (PAs), which intimately as-
sociate with blood vessels, likely have important physiological roles
in neurovascular biology, including control of blood-brain barrier
(BBB) permeability (O’Brown et al., 2018). Functions for PAs at the
BBB are based in large part on in vitro studies; for example, astro-
cytes cocultured with endothelial cells induce expression of tight
junction proteins, promote increased electrical resistance, and
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suppress the transport of small molecules and ions (Helms et al.,
2016). Early in vivo studies in rodents supported the premise that
astrocytes are essential for endothelial barrier formation (Janzer and
Raff, 1987). However, the physiological relevance of experimental
systems involving non-CNS endothelial cells and astrocyte aggre-
gates implanted in the rat eye or embedded in the chicken chorioal-
lantoic membrane have been disputed (Holash et al., 1993). Indeed,
astrocytes are known to control cerebral blood flow and metabolism
(MacVicar and Newman, 2015) and have other critical physiological
roles in the brain (Cohen-Salmon et al., 2021), suggesting that their
perivascular location could be unrelated to the BBB. In addition,
PAs are associated with the glymphatic system, which plays impor-
tant roles in the clearance of toxic metabolites from the mammalian
brain (Rasmussen et al., 2018). Therefore, rather than having direct
roles in regulating BBB physiology, PAs may instead be positioned
to respond to pathologic alterations in the BBB and/or the glym-
phatic system (Heinemann et al., 2012).

In vivo studies of PAs have been hindered by the lack of mod-
els that distinguish these cells from other astrocyte populations.
For example, mouse models using promoters for glial fibrillary
acidic protein (Gfap) (Guo et al., 2017), aldehyde dehydrogenase
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1 family member L1 (Aldh1ll) (Winchenbach et al,, 2016), or
glutamate aspartate transporter (Slcla3) (Regan et al, 2007)
show activities in multiple astrocyte populations. Therefore, abla-
tion of astrocytes using the broadly active GLAST or GFAP pro-
moters does not discern the PA population from non-PA
populations (Heithoff et al., 2021; Williamson et al., 2021). Thus,
more selective models for identification of PAs are necessary for
determining the exact functions of these cells in vivo.

In order to selectively target PAs in vivo, we have focused on
the megalencephalic leukoencephalopathy with subcortical cysts
1 gene (Mlc1) gene. In the mammalian brain, Mlc1 shows exclu-
sive expression in PAs (van der Knaap et al., 2012; Estévez et al.,
2018; Lattier et al., 2020). Mlcl encodes an integral membrane
protein that has sequence homology to voltage-gated potassium
channels (Boor et al., 2005). Published reports have identified
Mlcl-interacting adhesion proteins such as Glial CAM (Alonso-
Gardon et al., 2021), chloride channels such as CLCN2 (Gaitén-
Pefias et al.,, 2017), and gap junction proteins such as connexin
43 (Lanciotti et al., 2020). Mlcl also suppresses the enzymatic
activities of receptor tyrosine kinases such as EGFR (Brignone et
al,, 2019) and Axl (Lattier et al., 2020). In patients with MLC1
mutations and in Mlcl ™/~ mice, neurologic deficits are associ-
ated with astrocyte swelling and white matter cavitations (Dubey
et al., 2018).

Here we have generated a knock-in mouse model in which
the endogenous Mlc1 gene drives expression of CreERT2 (Mlcl-
T2A-CreERT2 or MLCT). MLCT activities are induced by ta-
moxifen in PAs but not in other neurovascular cell components,
including neurons, endothelial cells, or nonastrocytic glial cells.
Selective ablation of PAs in vivo using MLCT results in severe
BBB pathologies and premature death. Disruption in endothelial
cell permeability is linked to altered expression patterns of key
BBB proteins such as Cld5 and VE-Cadherin. PA ablation also
leads to neuroinflammatory responses as evidenced by microglial
activation. Collectively, these results provide direct in vivo evi-
dence that PAs, and specifically those that express Mlcl, provide
essential functions in regulation of BBB physiology in the adult
brain.

Materials and Methods

Generation of the MLCT mouse model. This study was reviewed and
approved by the M. D. Anderson Cancer Center Institutional Animal
Care and Use Committee in compliance with the National Research
Council’s Guide for the care and use of laboratory animals. The approved
protocol number is ACUF-00001108-RN02. To generate the MLCT
knock-in model, a 9.4kb region used to construct the targeting vector
was first subcloned from BAC clone RP23-268N19 using homologous
recombination-based technique. The vector was designed such that the
long homology arm extends ~5.9 kb upstream of the T2A-CreERT2 cas-
sette and the short homology arm extends 2.2 kb downstream of the Neo
cassette. The T2A-CreERT?2 cassette was inserted immediately upstream
of the endogenous stop codon of the Mlcl gene. The FRT flanked Neo
selection cassette was inserted 116 bp downstream of the 3’ UTR. The
total size of the targeting construct (including vector backbone and diph-
theria toxin [DT] cassette) is ~18.2kb. The region was designed such
that the long homology arm extends 6.4 kb to the exon 12 of Mlc1 gene,
and the CreERT2 reporter is fused in frame to exon 12 so that CreERT2
uses the endogenous polyadenylation tail of Mlcl to terminate the
transcript.

The targeting vector was linearized with NotI and then transfected
by electroporation of FLP 129/SvEv x C57Bl/6 (HF4) embryonic stem
(ES) cells. After selection with G418 antibiotic, surviving clones were
expanded for PCR analysis to identify recombinant ES clones. The Neo
cassette in the targeting vector was removed during ES clone expansion.
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Flp-expressing ES cells were verified for deletion of the neomycin cas-
sette. Two different clones were microinjected into C57bl/6 mice, gener-
ating chimeras with high-percentage agouti coat color. Subsequent
breeding with WT C57bl/6 mice produced heterozygous MLCT mice.
Genotyping identification of MLCT mice was performed using genomic
PCR screening with DNA isolated from tail snips taken from pups with
agouti or black coat color. The boundaries of the vector and genomic
sequences were confirmed by sequencing primers P6 and T73. Primer
N2 and N3 read from the Neo selection cassette into the 3’ end of the 3’
UTR and the 5" end of the short homology arm, respectively. Litters
were average size, between 5 and 8 pups. Adult heterozygous and homo-
zygous mice are fertile and have survived for more 10 months without
obvious phenotypes. Oligonucleotides used to confirm gene targeting
are as follows: P6: 5'-GAG TGC ACC ATA TGG ACA TAT TGT C-3';
T73: 5'-TAA TGC AGG TTA ACC TGG CTT ATC G-3'; iNeo N2: 5'-
AGT ATG GCT TTC CTT CCC GAT GG-3'; IVNeo N3: 5'- TCT AAG
GCC GAG TCT TAT GAG CAG-3'; SQl: 5'-CCA CAC AGA CTC
AGC CGA ATC TG-3"; SQ2: 5'-ACA TTG GCA GGA CCA AGA CCC
TG-3'; SQ3: 5'- GCT GGT TCA CAT GAT CAA CTG GGC-3'; P1: 5'-
TGG ACC TAT GGA TAT CTC CAA CCT GCT GAC TGT GCA C-3';
PNDELL: 5’- TGC TTC TGG GGA AAA AGG GTT-3’; and PNDEL2:
5'- GGT GCC TTG GGT TGT CTT GA-3'.

Sequencing was performed using purified genomic DNA to confirm
the 5" junction of the CreERT2 cassette using the SQI primer. A PCR
was performed on clones to confirm retention of the CreERT2 cassette
knocked-in using the SQ1 and FN2A primers. This reaction produces a
product of 3.52 kb in size in the presence of CreERT2 cassette. Genomic
DNA analysis using primers PNDEL1 and PNDEL2 was performed with
mouse tail snips to screen for the deletion of the Neo cassette, yielding a
430 bp product for the WT allele and a 514 bp product for the knock-in
allele.

Tamoxifen and DT injections. To activate CreERT2, MLCT pups
were injected intragastrically for 3 consecutive days (P1-P3) with 50 ul of
1 mg/ml tamoxifen (Sigma-Aldrich, T5648) using a 10 mg/ml stock solu-
tion prepared as follows: 10 mg of tamoxifen was dissolved in 250 pul of
100% ethanol, and 750 pl of sterile sunflower seed oil (Sigma-Aldrich,
S$5007) and vortexed until emulsified. This stock solution was stored in
the dark at 4°C for up to 3 d. On each day of use, a working solution was
prepared fresh by a 1:10 dilution of the stock solution in sunflower seed
oil. To ablate cells expressing DT receptor (DTR) following Cre-induced
expression, mouse pups were injected intraperitoneally for 5d at ages P7
to P12 with 50 ul of a 2 pg/ml working solution of DT. A 2 mg/ml stock
DT solution was prepared by dissolving 1 mg of DT powder (Sigma,
D0564) in 0.5 ml of sterile water. On each day of use, a 2 ug/ml working
solution was prepared fresh by diluting 5 pl of stock DTA solution in 5
ml of sterile 10 mm Tris, pH 7.4, 1 mm EDTA.

Immunofluorescence experiments. Mice were anesthetized at differ-
ent time points, and bodies were fixed by cardiac perfusion of 4% PFA
in PBS. Brains were removed and immersed in 4% PFA for an additional
24 h at 4°C. After fixation, brains were embedded in 4% agarose and sec-
tioned at 100 pm on a vibratome and stored in PBS at 4°C. Alternatively,
brains were processed for paraffin embedding and sectioning. Sections were
permeabilized and blocked with 10% donkey serum in PBS-T (1XPBS sup-
plemented with 0.1% Triton X-100) for 1 h at room temperature, followed
by an overnight 4°C incubation with primary unconjugated antibodies
diluted in the blocking solution. Immunofluorescence analyses were per-
formed with the following primary antibodies: Albumin (Mybiosource,
MBS2001910), Calbindin (Swant, D-28k), CD31 (BD Biosciences, 553370),
CD31 (R&D Systems, AF3628), Claudin 5 (Thermo Fisher Scientific, 35-
2500), GFP (Abcam, ab290), GFP (Abcam, ab13970), GFAP (DAKO,
70334), GFAP (Novus, NBP1-05198), Ibal (WAKO, 01919741), Laminin
(Sigma, 1.9393), MBP (Abcam, ab40390), NG2 (AB5320), Sox9 (Ab185966),
and VE-Cadherin (BD PharMingen, 550548). The sections were then
washed with PBS-T and incubated with secondary antibodies (1:500 dilu-
tion) in the blocking solution for 2 h. Sections were again washed 3 times
with 1x PBS-T, then briefly washed with 1x PBS. The sections were
mounted on pretreated microscope slides, sealed using Vectashield with
DAPI mounting media (Vector Laboratories), and kept at 4°C until imag-
ing. Confocal images were acquired using an Olympus Fluoview FV3000
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10x%, 20%, and 30x objectives. All comparative images were taken with the
same laser power and gain settings to make qualitative comparisons
between staining levels in different samples. Multiple FOVs were imaged
from biological replicates.

Retinal whole-mount immunostaining. Enucleated eyes from P7 and
P14 mice were fixed in ice-cold 4% PFA in PBS for 1 h and washed 3
times in ice-cold PBS. Retinas were carefully isolated under a Leica S6E
dissecting stereomicroscope (Leica Microsystems) and mounted onto
microscope slides. Whole retinas were permeabilized and blocked in
10% normal donkey serum diluted in PBS-T for 1 h at room tempera-
ture. Primary antibodies against GFAP, GFP, and CD31 were diluted in
the blocking buffer and incubated overnight at 4°C. Retinas were then
washed 3 times in PBST for 30 min. Secondary antibodies against pri-
mary host species were diluted in blocking buffer (1:500 dilution) and
added to retinas to incubate at room temperature for 2 h. Retinas were
again washed 3 times in PBST for 30 min and sealed under coverslips
using Vectashield mounting medium and stored at 4°C until imaging.

Image acquisition and analysis. Immunofluorescence images were
acquired using an Olympus Fluoview FV3000 confocal laser scanning
microscope. Multidimensional acquisition was conducted using Z stacks
with <2.5 mm slicing intervals at a scan rate of 4 us/pixel with a resolu-
tion of at least 1024 x 1024 pixels per slice and digitally compiled in
FV31S-SW (version 2.4.1.198). Image acquisition parameters, including
exposure time, laser power, gain, and voltages, were fixed for each imag-
ing channel. Immunohistochemistry-labeled images were captured using
an Olympus BX43 light microscope.

All images were analyzed using Image] and Fiji (National Institutes
of Health) (Schindelin et al., 2012; Schneider et al., 2012). Serial Z-stack
images (3 slices per image) were used for Ibal quantitation to determine
Tbal™ microglial cell parameters, and all images were scaled (um) as per
the objective lens used for acquisition. Image stacks were projected for
maximum intensity to include all Ibal signals, but auto-threshold module
was then used to include only cellular signals for quantitation. Cellular
parameters (cell count, area coverage, mean fluorescence intensity, major
and minor axes as shape descriptors, and circularity) were quantitated
using “analyze particles” algorithm. This module counted Ibal™ micro-
glial cells above the set threshold of 50 um? to avoid any nonspecific
background and/or noise. Integrated density measures total cellular fluo-
rescence intensity based on the area coverage per cell. Thus, a cell with
higher area coverage and/or mean signal intensity gives higher integrated
density values. The major and minor axes measure the maximum and
minimum distances between two points on the cell periphery. A com-
pletely circular shape will have identical major and minor axes values,
whereas the difference between the major and minor axes will increase as
the cell becomes less circular and attains more ameboid or elongated
morphology. Shape factor determines such differences between major
and minor cellular axes to validate cell morphology. Fluorescence signal
intensity of channels were measured using the standard “color histo-
gram” module in Image].

Isolation and analysis of primary brain astrocytes. Primary mouse
astrocytes were cultured as described previously (McCarty et al., 2005).
Briefly, mouse pups at postnatal day 3 (P3) were genotyped, killed, and
whole brains were removed and subjected to enzymatic dissociation in a
papain-containing buffer (Miltenyi Biotec, #130-095-942). Dissociated
cells at high density were resuspended in low-glucose DMEM (Hyclone)
containing 10% FBS with 1% penicillin/streptomycin and seeded to
laminin (Sigma)-coated dishes. Adherent astrocytes were cultured to
confluence for 7 d and passaged no more than 3 times before any experi-
mentation as previously described (Hirota et al., 2015; Lee et al., 2015).
Whole-cell lysates were collected under normal culture conditions in 1%
NP-40 (50 mm Tris-HCI, pH 8.0, 150 mm NaCl) lysis buffer with prote-
ase and phosphatase inhibitor tablets (Roche). Total protein was meas-
ured by BCA assay (Pierce) and then denatured at 95C for 5min in 5X
SDS loading buffer containing 2.5% 2-mercaptoethanol (Sigma), and
15 mg of protein was resolved on 10% Tris-glycine gels. Immunoblotting
was performed with nitrocellulose membranes (Bio-Rad), blocked using
Odyssey TBS-based blocking buffer (LI-COR), and then incubated with
specific primary antibodies diluted in blocking buffer supplemented
with 0.1% Tween-20 overnight at 4C. Target proteins were normalized
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to total cellular/housekeeping protein, a-actinin (LI-COR). Secondary
antibodies (IRDye 800CW goat anti-rabbit and IRDye 680RD goat anti-
mouse; LI-COR) were incubated in the dark at room temperature for
40 min. Dual-channel infrared scan and quantitation of immunoblots
were conducted using the Odyssey CLx infrared imaging system with
Image Studio (version 5.2, LI-COR).

Statistical analyses. All quantitation of confocal images were per-
formed using Image J (National Institutes of Health) (Schindelin et al.,
2012; Rueden et al., 2017). GraphPad prism 9.0 was used to plot mean
values (n=3 or greater = SEM, unless otherwise indicated) to compare
between experimental and control groups and to determine statistical
differences by unpaired Student’s ¢ test and two-way ANOVA (Tukey
post hoc analysis) at 95% Cls (a value 0.05).

Results

Development of the MLCT mouse model

We engineered a T2A knock-in mouse model in which the endog-
enous Mlcl gene drives expression of CreERT2, which can be
selectively activated by exposure to tamoxifen (Cleaver, 2021). The
T2A-CreERT2 ¢cDNA was inserted in the open reading frame of
Mlcl in exon 12 to allow the ribosome to translate through the
T2A-CreERT2 sequence. Termination is initiated at the 3° UTR
(exon 12) where the endogenous poly A sequence is located,
resulting in independent expression of the endogenous Micl gene
product and the T2A-CreERT2 product (Fig. 1A). After Flp-
mediated deletion of the neomycin cassette, a single FRT site
remains in MLCT/+ heterozygous mice (Fig. 1A4). The geno-
types of WT and heterozygous (MLCT/+) mice can be differ-
entiated by genomic PCR (Fig. 1B). MLCT/+ heterozygous
and MLCT/MLCT homozygous knock-in mice were viable and
fertile. Astrocytes were cultured from the cerebral cortices of
P5 WT control or MLCT/+ pups. As shown in Figure 1C, D,
immunoblot analysis of detergent-soluble cell lysates revealed
that the Mlc1 protein was expressed in MLCT/+ cells at similar
levels as WT control cells. These data for Mlcl protein expres-
sion in astrocytes match Mlcl mRNA expression patterns in
mouse brain single-cell transcriptome datasets (Vanlandewijck
et al., 2018).

Tamoxifen induction of MLCT activities in PAs in vivo

In order to analyze spatial patterns of MLCT activities, we inter-
bred MLCT/+ male mice with Rosa26-loxSTOPlox-YFP/+
(R26-YFP) female mice. The R26-YFP reporter strain allows for
Cre-mediated activation of YFP expression following tamoxifen-
induced recombination of the floxed STOP cassette (Srinivas et
al.,, 2001). The experimental strategy for testing MLCT activities
using the R26-YFP reporter strain is summarized in Figure 1E.
Expression of YFP was not detected in brain tissue from R26-
YFP mice (MLCT-negative and not injected with tamoxifen)
(Fig. 2A,B). Next, P7, P14, and P30 mice were killed, and YFP
expression patterns were analyzed in fixed tissues. Double im-
munofluorescence labeling was used to analyze the cerebral cor-
tex, hippocampus, and thalamus using an anti-GFP antibody
(which cross-reacts with YFP) in combination with antibodies
against GFAP (astrocytes) or CD31 (vascular endothelial cells).
Robust YFP expression was detected in many GFAP-expressing cells
(Fig. 2C-E) adjacent to CD31" blood vessels in the various brain
regions analyzed (Fig. 2F-H). Vascular endothelial cells were nega-
tive for YFP expression, with confocal analysis of serial sections
showing a clear demarcation between YFP™ astrocytes and CD31"
endothelial cells (Fig. 2F-H). At P7, which is a robust time of astro-
cyte differentiation in the mouse brain (Zarei-Kheirabadi et al,
2020), YFP' PAs showed multipolar morphologies and were
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Figure 1. Generation and characterization of the MLCT knock-in mouse model. A, Strategy to express CreERT2 via the endogenous Mic1 promoter based on T2A peptide skipping. The sche-
matic shows the 3’ region of the murine Mic1 locus (top) containing exons 9-12, and the targeted MicT locus before (middle) and after (bottom) Flp-mediated excision of the Neomycin
cassette. Red arrows indicate primers used for PCR-based validation of cassette insertion. B, PCR genotyping using genomic DNA isolated from tail snips distinguishes WT (+/+) and heterozy-
gous (MLCT/+) mice. C, Detergent-soluble lysates from WT control or MLCT/+ mouse astrocytes isolated from P5 pups were immunolabeled with anti-GLIALCAM or anti-MicT, revealing nor-
mal levels of protein expression. The a-actinin immunoblot serves as a loading control. D, Quantitation of MicT protein levels in WT and MLCT/+ brain lysates based on the immunoblotting
data in C. Densitometry was performed to determine Mic1 levels in relation to the -actinin loading control. E, F, Experimental strategies to analyze MLCT activities in R26-YFP mice following
tamoxifen injection (E) or in R26-DTR mice injected sequentially with tamoxifen and DT (F).

Cortex Hippocampus Hippocampus Thalamus Cortex Hippocampus Thalamus

.

MLCT;R26-YFP MLCT;R26-YFP

Figure 2.  MLCT is active in subpopulations of astrocytes in the P7 brain. A, B, R26-YFP control mouse pups (MLCT-negative) were injected with tamoxifen from P1-P3, and brains were har-
vested at P7. Coronal sections were analyzed by triple immunofluorescence using anti-GFP (green), anti-(D31 (red), and anti-GFAP (cyan) antibodies. Note the lack of expression of YFP in the
cortex (A) and hippocampus (B). (~E, MLCT;R26-YFP mouse pups were injected with tamoxifen from P1-P3, and brains were harvested at P7. Coronal brain sections were analyzed by double
immunofluorescence using anti-GFP (green) and anti-GFAP (red) antibodies. Note the coexpression of YFP and GFAP in some astrocytes of the cortex (C), hippocampus (D), and thalamus (E).
There are also YFP-expressing cells that lack GFAP expression (see asterisk in lower magnification panel in €). Bottom panels C~E are higher-magnification images of boxed areas in the lower-
magpnification merged panels. F~H, MLCT;R26-YFP mouse pups were injected with tamoxifen from P1-P3, and brains were harvested at P7. Coronal brain sections were analyzed by double im-
munofluorescence using anti-GFP (green) and anti-(D31 (red) antibodies. Note the YFP™ cells adjacent in blood vessels in the cortex (F), hippocampus (G), and thalamus (H). Bottom panels
F-H are higher-magnification images of boxed areas in the lower magpnification merged panels. Scale bar, 100 ptm.

juxtaposed with individual blood vessels. These data for Mlcl gene  expressing blood vessels in various regions of the brain, includ-

expression in MLCT;R26-YFP mice match our prior results show-  ing in the cortex, corpus callosum, thalamus, and cerebellar
ing Mlcl protein in PAs of Mlc1-T2A-GFP mice (Toutounchian ~ white matter (Fig. 3A-D). MLCT was also active in GFAP-
and McCarty, 2017) as well as astrocyte expression of Mlcl in tran-  expressing Bergmann glia, which have cell bodies located within
scriptome analyses of brain neural and vascular cells (Zhang et al,  the Purkinje layer and project multiple processes that span the
2014). molecular layer and terminate at the P14 pial surface (Fig. 3E).

Analysis of brains from MLCT;R26-YFP mice at P14, a time  Indeed, the somas of YFP-expressing cells are located between
when astrogenesis has mostly concluded, revealed continued larger Purkinje neurons, as revealed by immunolabeling P30 sec-
coexpression of YFP and GFAP in astrocytes adjacent to CD31-  tions with anti-laminin antibodies (Fig. 3E). YFP-expressing PAs
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Retina

Selective activation of MLCT in PAs of the P14 brain. A-D, MLCT;R26-YFP mouse pups were injected with tamoxifen from P1-P3, and brains were harvested at P14. Coronal sec-

tions were analyzed by triple immunofluorescence using anti-GFP (green), anti-CD31 (red), and anti-GFAP (cyan) antibodies. Note the coexpression of YFP and GFAP in some astrocytes of the
cortex (4), corpus callosum (B), hippocampal dentate gyrus (€), and cerebellum (D). While many YFP™ PAs are also GFAP™, we detect some PAs that lack GFAP expression; for example, note
the YFP™ PA in the cerebellar white matter that lack obvious GFAP expression (arrows in D). A-D, Bottom, Higher-magnification images of boxed areas in the lower-magnification merged
panels. E, Representative image of a sagittal section through the MLCT;R26-YFP cerebellum at P30 analyzed by double immunofluorescence using anti-GFP (green) and anti-Laminin (red) anti-
bodies. YFP™ Bergmann astrocytes are also GFAP™ (arrows), and Bergmann astrocyte cell bodies are located between Laminin™ Purkinje neuron cell bodies and extend elaborate processes
(arrows). F, G, Flat-mounted retinas P14 MLCT;R26-YFP mice were analyzed by triple immunofluorescence using an anti-GFP antibody (green) in combination with anti-(D31 (red) and anti-
GFAP antibodies (cyan). Note the overlapping YFP/GFAP expression in astrocytes of the P14 retinal primary vascular plexus (arrows in merged images, F and G). H, I, Higher-magnification
images of boxed areas in F and G, respectively, showing only anti-GFP (green) and anti-(D31 (red) merged channels. Note the close juxtaposition between YFP™ PAs and (D317 blood vessels

(arrows). Scale bars, 100 pm.

at P14 showed a more elaborate cytoarchitecture with multiple
projections that often contacted more than one blood vessel (Fig.
3). We also detected more heterogeneity in the morphologies of
PAs at P14, with cells in the cortex and cerebellar white matter
showing multipolar cytoarchitectures, whereas cells in the corpus
callosum and hippocampus displayed radial glial-like appearan-
ces (Fig. 3). In the P14 retina, YFP expression showed overlap
with GFAP™ cells, and there was also close juxtaposition between
YFP™" cells and CD31-expressing endothelial cells (Fig. 3F-I).
Individual retinal PAs extended multiple processes that con-
tacted several blood vessels (Fig. 3H,I). These data suggest that
Mlcl-expressing PAs may promote the formation and/or stabil-
ity of the blood-retinal barrier. Ibal™ microglia were detected in
close juxtaposition with YFP-expressing PAs in the P14 brain;
however, YFP and Ibal coexpression was not detected in micro-
glia (Fig. 4).

Ablation of PAs leads to pathologic BBB integrity

We next used a mouse model in which the cDNA encoding the
DTR is inserted in the Rosa26 locus (R26-1oxSTOPlox-DTR)
allowing for Cre-mediated expression of DTR (Buch et al., 2005).
Murine cells are largely resistant to the apoptotic effects of DT
because of the absence of DTR (also known as heparin-binding
epidermal growth factor-like growth factor precursor 12 pro-
tein); however, expression of DTR makes cells susceptible to DT-
mediated cell death. Using the R26-loxSTOPlox-DTR model,
effects of MLCT-dependent PA ablation on BBB physiology

were investigated. The experimental schema for ablating PAs
and analyzing effects in MLCT;R26-DTR mice is summarized
in Figure 1F. Mice receiving sequential tamoxifen and DT injec-
tions were viable and did not display obvious phenotypes immedi-
ately after treatment. However, at 2-4 months after the last DT
injection, MLCT;R26-DTR mice displayed decreased body weight,
lower limb paresis, and ataxia. Immunofluorescence labeling was
performed on coronally sectioned brains from R26-loxSTOPlox-
DTR control (n=3) and MLCT;R26-DTR (1 =3) mice. We ana-
lyzed distribution of the endogenous biomarker mouse serum al-
bumin, which does not normally exit the circulation (Heinemann
et al,, 2012). In control mice treated with the same regimen of ta-
moxifen and DT, serum albumin was retained in the lumens of
brain blood vessels (Fig. 6A-C). In contrast, serum albumin
showed clear extravasation across the BBB in MLCT;R26-DTR
mice, with robust levels of extravascular albumin protein detected
in the cerebral cortex (Fig. 5D), hippocampus (Fig. 5E), and
brainstem (Fig. 5F). The serum albumin extravasation was
most pronounced in the mutant cerebral cortex and hippo-
campus, although statistically significant differences were also
detected in the brainstem (Fig. 5G-I). Analysis of CD31"
blood vessels in the cortex and hippocampus of DT-treated
MLCT;R26-DTR mice, which are brain regions where serum
albumin extravasation was most evident, revealed reduced
astrocyte coverage; indeed, many blood vessels in the PA-
ablated hippocampus were devoid of GFAP™ astrocyte end
feet (Fig. 5J,K). Obvious microgliosis as measured by Ibal™
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MLCT activities are not detected in Iba1-expressing brain microglial cells. A—C, Representative images of P14 coronal brain sections of MLCT;R26-YFP mice. Brains were sliced coro-

nally, and vibratome sections were analyzed by triple immunofluorescence using anti-GFP (green), anti-(D31 (red), and anti-lbaT (cyan) antibodies. Merged panels on the far right are higher-
magpnification images of boxed areas in the lower-magnification merged panels. PAs intimately associate with blood vessels (arrows), but there is no detectable coexpression of YFP and Iba1 in
brain microglia in the cortex (4), thalamus (B), and cerebellum (C). Also note the close juxtaposition of YFP™ PAs and Iba1™ microglia.

immunofluorescence was detected in different brain regions
of DT-treated MLCT;R26-DTR mice (Fig. 5A-D), although
these defects were most pronounced in the mutant cerebral
cortex. Various measures of microglial number and activation
status based on morphology confirmed neuro-inflammation
after PA ablation (Fig. 6E-G).

We next analyzed the impact of PA ablation on expression of
endothelial cell biomarkers in DT-treated R26-DTR control and
MLCT;R26-DTR brain sections. As shown in Figure 7A, B, we
detected altered expression of the tight junction protein Claudin
5 in endothelial cells of DT-treated MLCT;R26-DTR mice.
Unlike control mice that display focal patterns of Claudin 5 in
tight junctions of endothelial cells, Claudin 5 protein was
detected in a more diffuse pattern in cerebral blood vessels of
MLCT;R26-DTR mice. Adherens junctions have been reported
to promote normal endothelial cell barrier functions via cross-
talk with components of tight junctions, including Claudin 5
(Rahimi, 2017). Therefore, we analyzed expression of the adhe-
rens junction protein VE-Cadherin. As shown in Figure 7C, D, a
more diffuse expression pattern of VE-Cadherin was detected in
vascular endothelial cells following PA ablation. Quantitation of
immunofluorescence intensity revealed abnormal patterns of
Claudin 5 and VE-Cadherin expression following PA ablation
(Fig. 7E,F). Collectively, these in vivo results prove that PAs play
crucial roles in maintaining BBB integrity in the mouse brain
with loss of these cells leading to BBB disruption and resulting
vascular-related neurologic deficits (Fig. 8). Our data suggest
that primary genetic or biochemical alterations in PAs that
impair normal interactions with blood vessels may contribute
to vascular-related developmental and/or adult-onset CNS
diseases.

Discussion

Here we report that Mlcl-expressing PAs have essential func-
tions in stabilizing the BBB. To our knowledge, MLCT is the first
inducible Cre model that can be activated selectively in PAs but
not in other astrocyte populations in the CNS. PAs in MLCT
mice were detected around capillaries as well as larger blood ves-
sels in the cerebral cortex, hippocampus, and other regions of the
postnatal brain. These results are consistent with a recent immu-
nohistochemical report showing that anti-Mlc1 antibodies label
PA processes (Wang et al., 2021), and a quantitative mass spec-
trometry study showing that Mlcl protein is highly enriched in
PA end feet (Zajec et al.,, 2021). Although induction of MLCT
activities (in the MLCT;R26-YFP model) were specific to PAs in
the brain, the numbers of Mlcl " cells detected were relatively
low, with between 3% and 5% of cells showing YFP expression.
The low levels of MLCT activities may be because of (1) subopti-
mal tamoxifen delivery via the intragastric injection route, (2)
poor penetration of tamoxifen across the BBB, and/or (3) hetero-
geneously low levels of CreERT?2 protein that can be activated by
tamoxifen.

One unresolved question in the glial cell biology field is
whether there are distinct subpopulations of astrocytes with neu-
rovascular-specific functions (PAs) or whether all astrocytes
interact with blood vessels in some general capacity to influence
neurovascular development and homeostasis. Along these lines,
a prior publication has shown that nearly 100% of astrocytes in
the mouse hippocampus extend end feet that interact with blood
vessels as well as neurons and other glial cell types (Foo et al.,
2011). We propose that Mlcl " astrocytes have critical functions
in BBB homeostasis, which is supported by the neurovascular
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Figure 5.

Microgliosis in response to BBB disruption. A—D, Immunofluorescence analysis of P60 coronal sections from one R26-DTR control (4) and a MLCT;R26-DTR mutant brain (B) labeled

with antibodies directed against IbaT (green) and (D31 (red). Shown are representative images from the hippocampus (A,B) and cerebral cortex (C,D). In brain regions from the control mouse
(A,0), there is regular distribution of IbaT-expressing microglia, whereas there is robust perivascular microgliosis in the mutant brains (B,D), and particularly in cortical regions. E-G,
Quantitation of microglial activation in the R26-DTR control cortex and MLCT;R26-DTR mutant cortex as measured by Iba1 " cell number (), circularity (F), and shape index (G). Differences
between groups (E-G) were analyzed using Student’s ¢ test (n=3). Data are mean == SEM. *p << 0.05. **p < 0.01.

pathologies found in Mlcl™/~ mice (Gilbert et al., 2021) and in
humans with MLC1 mutations (Dubey et al., 2018). Nonetheless,
it will be important to determine whether there are other brain
pathologies resulting from Mlcl™ astrocyte ablation that are in-
dependent of BBB disruption. It is certainly possible that Mlc1 "
astrocytes have roles that are independent of their perivascular
localization. For example, Mlcl-expressing astrocytes may regu-
late the functions of other cell types, including neurons and
microglia. We detect Mlc1™ astrocytes that are ensheathed by
microglia in various regions of the brain. Interestingly, we do not
detect significant astrogliosis following PA ablation, suggesting
that Mlc1™ cells normally contribute to reactive gliosis, and DT-
mediated ablation of these cells blunts the gliosis response.
Indeed, in a prior report, we have shown that astrogliosis after
traumatic injury to the cerebral cortex involves Mlcl-expressing
astrocytes (Toutounchian and McCarty, 2017). The microgliosis
we detect in PA-ablated mice is likely a secondary result of BBB
pathologies; however, it is also possible that PAs inhibit micro-
glial cell activation, and loss of PAs following DT treatment facil-
itates microglial activation. It will be important to determine the
specific pathways involved in BBB breakdown and microgliosis
following PA ablation. In humans, age-dependent BBB dysfunction

leads to pathologic serum albumin extravasation, which impacts
TGFB receptor signaling pathways in astrocytes, resulting in
microglial activation (Senatorov et al., 2019). Interestingly, a major
activator of TGFf signaling in the brain is avf8 integrin
(McCarty, 2020), which is enriched in PAs (Yosef et al., 2020) and
may be involved in aberrant TGF signaling activation following
BBB breakdown.

We propose that the BBB pathologies that develop following
PA ablation are linked to loss of proper cell adhesion and com-
munication between PAs and the adjacent vascular endothelium
and/or pericytes. Loss of PAs results in defective contact between
the astrocyte end feet and the ECM-rich vascular basement
membrane, leading to diminished blood vessel structural support
and impaired endothelial tight junction integrity. Loss of expres-
sion of Mlc1™ PA-derived cues, such as growth factors and cyto-
kines that promote normal endothelial tight junctions and/or
vascular basement membrane composition, likely also contribute
to BBB pathologies. Astrocytes have been estimated to cover
>80% of the abluminal surface of brain capillaries in histologic
samples (Saunders et al., 2018), although the extent to which PAs
ensheath blood vessels has been questioned recently based on
analysis of unfixed tissue samples (Korogod et al., 2015). Our
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DT-mediated ablation of PAs leads to BBB disruption. A—I, Immunofluorescence analysis of P60 coronal sections from one control (R26-DTR) and a PA-ablated brain (MLCT; R26-

DTR) labeled with antibodies directed against GFAP (green), mouse serum albumin (red), and (D31 (white). Shown are representative images from the cerebral cortex (4,D), hippocampus
(B,E), and brainstem (C,F). In brain regions from the control mouse, serum albumin is retained in the lumens of cerebral blood vessels (4—(), whereas there is robust extravasation of serum al-
bumin into the neural parenchyma of the PA-ablated brains (D—F). G-I, Quantitation of mouse serum albumin extravasation in the cortex (@), hippocampus (H), and brainstem (/) of control
R26-DTR and MLCT;R26-DTR mutant brains as determined by immunofluorescence intensity. The quantitative data are from images shown in A-F. Differences between groups (G-/) were ana-
lyzed using Student’s ¢ test (n=3). Data are mean = SEM. ***p << 0.001. ****p < 0.0001. J, K, Analysis of astrocyte interactions with blood vessels in R26-DTR control (J) and MLCT;R26-
DTR (K) mutant brains as determined by double immunofluorescent labeling with anti-GFAP (green) and anti-CD31 (red). Compared with blood vessels in the control brain that are heavily
invested by astrocyte end feet (J, asterisks), note the reduced coverage of blood vessels by GFAP-expressing astrocytes in the MLCT;R26-DTR mutant brains (K, arrows).

data reveal that Mlc1 ™ astrocyte end feet do not fully ensheath
blood vessels in the brain and retina. While there are likely addi-
tional perivascular cells that do not express Mlcl, including
recently described perivascular fibroblasts (Rajan et al., 2020),
our in vivo cell ablation data reveal that the Mlcl™* population
plays essential roles in stabilization of brain endothelial barrier
integrity.

The onset of neurologic deficits in PA-ablated mice, which
present several weeks after DT treatment, likely reflects a pro-
gressive loss of astrocytes at the neurovascular unit. We speculate
that Mlc1™ astrocytes that die following DT treatment may be
slowly cycling cells that give rise to more differentiated astrocytes
with functions at the BBB. Interestingly, BBB disruption and
neurologic deficits were detected at differing levels of severity
in the PA-ablated mice, with most animals (n = 3) display-
ing obvious BBB permeability leakage and severe neurode-
generative phenotypes. In contrast, one mutant mouse
displayed less severe BBB permeability defects following DT
administration. This variability in phenotype is probably
related to (1) spatial and temporal differences in tamoxifen-
inducible MLCT activation, (2) differences in DTR expres-
sion levels following Cre-mediated recombination, and/or
(3) heterogeneity in response to DT administration. For
example, there is likely brain regional heterogeneity in DTR
expression in PAs following tamoxifen delivery to MLCT
mice. Nonetheless, it is quite remarkable that ablation of a
fairly small subset of PAs can lead to such profound neuro-
vascular deficits and death, which highlights the essential
functions of Mlc1™ cells in brain homeostasis.

While this work provides evidence for the role of PA in the
maintenance of BBB integrity, future work will focus on elucidat-
ing both the developmental fate of PAs and the signaling path-
ways involved in their functional links to vasculature. Mouse

astrocytes are derived from radial glial progenitor cells found
within transient germinal centers, including the ganglionic emi-
nences, of the developing brain (Gallo and Deneen, 2014). It will
be informative to use the MLCT model to “fate map” select radial
glial cell populations that may differentially contribute to astro-
cytic cell populations in the adult cortex. The MLCT model will
also be powerful for selectively targeting gene expression in PAs
(and not other astrocyte populations) to elucidate pathways
with functional links to the vasculature. Indeed, our prior
efforts to engineer the mouse Mlcl gene to drive GFP
expression and fluorescently labeled PAs throughout the
adult brain (Toutounchian and McCarty, 2017) have
enabled the isolation and transcriptional profiling of these
Mlcl-expressing cells (Yosef et al., 2020). Use of the MLCT
model to ablate specific genes should yield functional infor-
mation about pathways in PAs that control the BBB.
Milcl~"~ mice display neurologic pathologies that have some
similarities to early stage MLC in humans (Dubey et al., 2015),
although Mlc1™'~ mice do not fully recapitulate the complex
brain pathologies that typify the human disease (Hoegg-Beiler et
al.,, 2014). A recent study has reported normal BBB integrity in
Mlcl ™'~ mice (Gilbert et al., 2021). In the PA-ablated mouse
model we describe here, we detect more severe neurologic defi-
cits than those described in Mlc1™/~ mice. These data indicate
that there are additional PA-enriched gene products in addition
to Mlcl that are required for communication with vascular en-
dothelial cells (and possible pericytes) to collectively control BBB
integrity. Ablation of PAs impacts most, if not all, of these path-
ways, leading to severe BBB breakdown and related neurologic
deficits. It will be interesting to quantify levels of PA loss in brain
pathologies characterized by BBB leakage, such as stroke. A
recent report has shown that GFAP™ reactive astrocytes contrib-
ute to vascular repair following ischemic stroke (Williamson et
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Figure 7.  Abnormal localization of endothelial cell junction proteins following ablation of PAs. A, B, Immunofluorescence analysis of P60 coronal sections through the cerebellum from a
R26-DTR control (A) and MLCT;R26-DTR mutant brain (B) labeled with antibodies directed against Cld5 (green), (D31 (red), and GFAP (cyan). CId5 is focally expressed in endothelial cell tight
junctions in the control brain, whereas there is more diffuse expression in the PA-ablated brain vasculature. ¢, D, Inmunofluorescence analysis of P60 coronal sections through the cerebellum
from one representative control R26-DTR (€) and MLCT;R26-DTR mutant brain (D) labeled with antibodies directed against VE-Cadherin (green), (D31 (red), and GFAP (cyan). [dot]VE-Cadherin
expression patterns are more diffuse in endothelial cells of the PA-ablated brain. E, F, Quantitation of expression of Claudin 5 (E) and VE-Cadherin (F) based on immunofluorescence signal.
Differences between groups were analyzed using Student’s ¢ test (n = 3). Data are mean == SEM. **p << 0.01. ****p <C0.0001.
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Figure 8. A model for PA-dependent control of BBB integrity in the neurovascular unit. A, In the healthy mammalian brain, PA end feet juxtapose the abluminal surface of cerebral blood
vessels and mediate cell-cell contact and communication events between endothelial cells and pericytes within the neurovascular unit (NVU). B, Loss of PAs, or defects in communication with
the vascular endothelium, lead to diminished structural stability, defective NVU cytoarchitecture, and failed BBB integrity. PA-derived cues normally control endothelial tight junction protein
composition and integrity, as evidenced by the abnormal tight junction composition and BBB disruption following PA ablation. This figure was created with https://biorender.com/.

al,, 2021). Determining whether Mlcl-expressing PAs are a  breakdown have mainly focused on defective signaling events
part of this reactive component and quantifying their relative ~ in vascular endothelial cells and/or neurons (Cunha et al,
contributions to blood vessel repair will be informative. Last, ~ 2017), defects in PAs may also be important. Therefore, we pro-
while efforts to study neurologic diseases linked to BBB  pose that PA dysfunction may be an underlying cause for the
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onset and progression of heritable vascular-related neurologic
pathologies.
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