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Abstract

Cerebral endothelial cells (ECs) require junctional proteins to maintain blood-brain barrier (BBB) integrity, restricting
toxic substances and controlling peripheral immune cells with a higher concentration of mitochondria than ECs of
peripheral capillaries. The mechanism underlying BBB disruption by defective mitochondrial oxidative phosphorylation
(OxPhos) is unclear in a mitochondria-related gene-targeted animal model. To assess the role of EC mitochondrial
OxPhos function in the maintenance of the BBB, we developed an EC-specific CRé-interactin factor! (Crifl) deletion
mouse. We clearly observed defects in motor behavior, uncompacted myelin and leukocyte infiltration caused by BBB
maturation and disruption in this mice. Furthermore, we investigated the alteration in the actin cytoskeleton, which
interacts with junctional proteins to support BBB integrity. Loss of Crifl led to reorganization of the actin cytoskeleton
and a decrease in tight junction-associated protein expression through an ATP production defect in vitro and in vivo.
Based on these results, we suggest that mitochondrial OxPhos is important for the maturation and maintenance of BBB
integrity by supplying ATP to cerebral ECs.
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Introduction

An insufficient supply of energy by mitochondria to
cerebrovascular endothelial cells (ECs) exacerbates
cerebrovascular and neurodegenerative diseases.'
Pharmacological inhibition of mitochondria induces
disruption of tight junction proteins that function in
the blood—brain barrier (BBB) and aggravates stroke
outcomes in an in vivo ischemic stroke model.” In addi-
tion, oxygen—glucose deprivation and reoxygenation
induce breakdown of tight junctions through increases
in reactive oxygen species formation and changes in
cytochrome ¢ levels in ECs.> MiR-34a disturbs BBB
maintenance by reducing mitochondrial OxPhos and
cytochrome ¢ levels in cerebrovascular ECs.*
Although inhibition of mitochondrial respiration has
been considered detrimental to BBB maintenance, the
underlying mechanism of BBB disruption by mitochon-
drial dysfunction in ECs that specifically correlated
with intracellular energy changes is poorly understood.

Cerebral ECs have approximately five times more
mitochondria than ECs of peripheral capillaries,
reflecting the higher demand for intracellular adenosine
triphosphate (ATP) in the brain vasculature.>® In addi-
tion to its role in regulating the ATP-binding cassette
(ABC) efflux transporter, P-glycoprotein, in the BBB,
mitochondria-derived ATP regulates actin dynamics,
providing the energy source that maintains proper
organization of the actin cytoskeleton.” The actin cyto-
skeleton, in turn, interacts with tight junction-
associated proteins, including zonula occludens-1
(ZO-1) and occludin, which support tight junctions to
preserve barrier function.®? Junction proteins function
to form the selective permeability of the BBB and
restrict the passage of toxic substances.'® By connecting
ECs, these tight junction-associated proteins are indis-
pensable for the maintenance of BBB integrity.!" ATP
depletion induces changes in G-actin (monomeric) and
F-actin (filamentous) levels in ECs,'? and dysregulation
of actin dynamics disturbs tight junction assembly."?
Nevertheless, the relevance of mitochondrial
respiration-derived ATP production capacity in the
maintenance of intact structures of the BBB remains
poorly understood.

ATP production by mitochondria is correlated with
mitochondrial ~ biogenesis  and  regulated by
mitochondria-related genes such as PGCI-u (peroxi-
some proliferator-activated receptor gamma coactivator
l1-alpha), TFAM (transcription factor A, mitochondrial)
and NRF-1 (nuclear respiratory factors-1)."* PGCl-u
upregulates mitochondrial biogenesis, indicated by the
expression of mitochondrial antioxidant enzymes at the
transcriptional level in normal ECs.'> PGCl-u activates
TFAM, which induces mitochondrial biogenesis by
modulating the expression of mtDNA genes'® and

upregulates NRF-1 to contribute to the expression of
OxPhos subunits and mitochondrial transcription fac-
tors.!” Crifl (CRé6-interactin Factorl) is involved in
the synthesis and insertion of OxPhos peptides in the
inner membrane at the translational level, and the dele-
tion of Crifl causes mitochondrial OxPhos dysfunction
in  mouse embryonic fibroblasts  (MEFs).'8
Downregulation of Crifl leads to disturbances in mito-
chondrial OxPhos complexes in peripheral ECs, and
Crifl deficiency impairs vascular function.'” Although
mitochondria in peripheral ECs have been investigated,
there are few studies regarding mitochondria function in
cerebral ECs, especially associated with mitochondrial
OxPhos function and ECs in the BBB.® We hypothe-
sized that Crifl deletion in ECs leads to BBB maturation
and disruption through mitochondrial dysfunction
because ECs in the BBB have much more mitochondria
than other ECs. We established an EC-specific Crifl
deletion mouse (TEKCRIFI mouse and endoxifen-
induced VECad Cre-ER ™ transgenic mice). We demon-
strated the relationship between mitochondrial function
and BBB integrity and directly showed the pivotal con-
tribution of mitochondria in the BBB, providing a new
target for the regulation of BBB permeability in
TEKCRIF1 mice and endoxifen-induced VECad Cre-
ER™ transgenic mice.

Materials and methods

Animals

We generated endothelial specific CRIF1 knockout
mouse using TEK-Cre and VECad-CreER™ mouse.
TEK-Cre transgenic mice (C57BL/6J) were obtained
from Jackson Laboratory (Bar Harbor, ME, USA).
VECad (VE-cadherin) Cre-ER'? transgenic mice®
were transferred to and bred in our animal facility.
Floxed Crifl mice were generated in a previous
study."® TEK-Cre transgenic mice (C57BL/6J) and
floxed Crifl mice were crossed to generate
TEKCRIF1 mice. Postnatal 11-day-old mice were
used for experiments. VECad (VE-cadherin) Cre-
ER™ transgenic mice (C57BL/6J) and floxed Crifl
mice were crossed to generate VECad Cre-ER™2-Crif1
Jloxiflox mice. Six-week-old mice were used for experi-
ments. We used TEK-Cre, Crifl*'* for control, men-
tioned as WT. Mice were maintained in a controlled
facility (temperature, 22-24°C; 12-h light/dark cycle).
Animal experiments were approved by the Institutional
Animal Care and Use Committee of Chungnam
National University (ethical approval number, CNU-
00912), and were in accordance with the ARRIVE
guidelines for reporting in vivo experiments and the
guidelines of Chungnam National University, School
of Medicine.
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Genomic PCR

Mice were genotyped by PCR with a Cre primer (F: 5'-
GCGGTCTGGCAGTAAAAACTATC-3, R:5-GTG
AAACAGCATTGCTGTCACTT- 3) and Crifl
primer (F: 5- GGGCTGGTGAAATGTGTTG- 3,
R: 5- TCAGCTAGGGTGGGACAGA- 3') with the
following PCR conditions: 95°C for Smin; 30 cycles
of 95°C for 30sec, 67°C for 30s, and 72°C for 30s;
then 72°C for 5min. Amplified DNA was analyzed
using electrophoresis with a 3% agarose gel.

Cell culture and transfection

bEnd.3 [BEND3] cells (ATCC® CRL2299™) were
purchased from ATCC (American Type Culture
Collection, USA) and cultured in Dulbecco’s modified
Eagle’s medium with 5% fetal bovine serum and 1%
penicillin streptomycin at 37°C and 5% CO, bEnd.3
cells were transfected with siRNA for Crifl (siRNA
sequence: 5'- GGAGUGCUCGCUUCCAGGAACU
AUU-3) and negative control siRNA using
Lipofectamine 3000 and RNAi max (Invitrogen,
Carlsbad, CA, USA).

Immunohistochemistry

For CD45 staining, sections were deparaffinized,
blocked in PBS containing 2% donkey serum (Gene
Tex, CA, USA) and 0.3% Triton X-100 for 1.5h, and
then incubated with anti-CD45 antibody (Abcam, CA,
USA). The sections were then washed with PBS and
incubated with HRP-conjugated secondary antibody.
After washing with PBS, the sections were slide-
mounted and imaged using a microscope.

Immunocytochemistry

Coverslips were coated with poly-D-lysine and dry for
1h at 37°C. Cells were seeded on the coverslips, and
Crifl gene expression was knocked down for 48 h. The
cells were washed with warm PBS and fixed with 4%
paraformaldehyde for 20 min. After being washed with
PBS, it was permeabilized with 0.1% TritonX-100 in
0.02% BSA-containing PBS for 30 min, blocked in 3%
BSA with PBS for 30 min and incubated with a primary
antibody for 1.5h. After being washed with 0.2% BSA
in PBS for three times, it was incubated with the sec-
ondary antibody for 2 h. After mounting, the samples
were observed using a confocal microscope (Leica,
Bensheim, Germany).

Immunofluorescence staining

TEKCRIFI mice were perfused and fixed with 4%
paraformaldehyde. Brain samples were dehydrated in
30% sucrose solution at 4°C. Then, the samples were

frozen and sliced into coronal sections to a thickness of
30 um using a cryotome. The sections were stored in
tissue stock solution and washed in PBS. The sections
were blocked in 2% donkey serum (Gene Tex, CA,
USA), 0.3% Triton X-100 with PBS for 1.5h and

then incubated with anti-CD31 (Millipore, CA,
USA), anti-NDUFA9 (Abcam, CA, USA), anti-
occludin  (Invitrogen, CA, USA), anti-albumin

(Abcam, CA, USA), anti-Olig2 (R&D systems, MN,
USA), anti-ZO-1 (Thermo Scientific, IL, USA), anti-
MBP (Millipore), and Alexa-594 conjugated phalloidin
(F-actin staining) antibodies overnight at 4°C. After
being washed with PBS, it was incubated with the
secondary antibodies (Jackson, PA, USA) for 1.5h at
room temperature. After the tissue was mounted on
slides using fluorescent mounting solution (Dako
North America Inc., USA), the slides were imaged
using an Olympus confocal microscope (Olympus,
Lisbon, Portugal) and Leica confocal microscope
(Leica, Bensheim, Germany).

In vivo dextran-FITC BBB permeability assay

TEKCRIF1 mice were anesthetized with 3.0% and
1.3% of isoflurane (VetEquip, Livermore, CA, USA)
during surgery and two-photon imaging, respectively.
The mouse head was fixed on a stage in a stereotaxic
system with ear bars and the skull of the mice was
exposed after removal of the scalp, and the skull was
thinned by the drill to create an optical transcranial
window. The head frame was attached onto the dried
skull tightly with dental cement to secure the mouse
head at the head holder in the imaging stage.”' To pre-
vent skull dry-out during the image, we covered a
PDMS film on the exposure skull. The mouse intracar-
dially injected once by a syringe with dextran-FITC
(40kDa) before positioned on the imaging stage in
the microscope. The mouse head was fixed on a stage
by the head frame and the cerebral blood vessels rep-
resented by dextran-FITC were observed in the process
of time using a TCS SP8 two-photon microscope
(Leica, Mannheim, Germany) at 5Smin approximately
and at 30 min after one dextran injection. Two-photon
imaging was conducted at a wavelength of 880nm
(3200 mW), delivered by a Chameleon Vision II two-
photon laser (Coherent, Santa Clara, CA, USA).

Open-field test

Each mouse was placed in a 12 x 12 x 8-cm box.
Movement was recorded for 10min and analyzed
with EthoVision XT 11.5 software.
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Western blot analysis

Proteins were extracted from cortex and striatum with
RIPA lysis buffer with phosphatase and protease inhib-
itor cocktail (Roche, Switzerland) and homogenized.
Isolated protein by centrifuging at 16,000 r/min (each
20 ug protein) was separated by electrophoresis using
SDS-PAGE and then was transferred to PVDF mem-
brane. The membranes were blocked with 5% BSA in
TBST for 1h at room temperature. Then, membranes
were incubated at 4°C, overnight with anti-occludin
antibody (Abcam, CA, USA), anti-actin antibody
(Cytoskeleton, Inc, CO, USA) and washed three
times for 10min in TBS/T. After incubation with
horseradish peroxidase-conjugated secondary antibody
for 2h at room temperature, membranes were washed
three times for 15 min in TBS/T. Antibody-labeled pro-
teins were detected by the ECL solution (WEST-ZOL).

Isolated mitochondrial oxygen consumption rate
analysis in vivo

To analyze the OCR of mitochondria isolated from the
cortex and striatum of the TEKCRIF1 mice, mito-
chondria were prepared from the cortex and striatum
of the TEKCRIF1 mice using mitochondria isolation
buffer (70mm sucrose, 210mM mannitol, 5SmM
HEPES, I mM EGTA, 0.5% fatty acid-free BSA, pH
7.2) on ice. Isolated mitochondria were seeded at 25 pg
per well and diluted with mitochondria assay buffer
(70mM sucrose, 220 mM mannitol, 10 mM KH,POy,
S5mM MgCl,, 2mM HEPES, 1 mM EGTA, 0.2% fatty
acid-free BSA, 10mM succinate, 2puM rotenone, pH
7.2), and 590 ul assay media was added to each well.
Ports of the XF 24 biosensor cartridge were injected
with 40 mM ADP (final conc. 4 mM), 20 ug/ml oligo-
mycin (final conc. 2 ug/ml), 50 uM CCCP (final conc.
S5uM) and 40 uM antimycin A (cytochrome C reduc-
tase inhibitor, final conc. 4 uM), and OCR analysis was
performed at 37°C.

Transmission electron microscopy

Samples were extracted from the cortex and striatum.
The samples were fixed with 2.5% glutaraldehyde-2%
paraformaldehyde in 0.15M sodium cacodylate buffer
(pH 7.4) for 2h at 4°C. After washed with sodium
cacodylate buffer, the samples were fixed in 2%
osmium tetroxide-1.5% ferrocyanide in 0.15 M cacody-
late buffer (pH 7.4) for 1h, incubated with 1% TCH
for 30 min and treated with 2% OsQOy4 for 30 min. For
en bloc staining, the samples were incubated with 1%
uranyl acetate overnight at 4°C, followed by incubation
with lead citrate for 30 min at 60°C. The samples were
dehydrated in an ethanol and propylene oxide series,
embedded in an Epon 812 mixture and incubated with

pure resin at 70°C for 24h for polymerization. The
samples were sliced with an ultramicrotome (Ultra
cut-UCT; Leica, Vienna, Austria) and then collected
on 150-mesh copper grids. The ultrathin sections were
observed using a Bio-HVEM system (JEM-1400Plus at
120kV and JEM-1000BEF at 1000kV; JEOL,
JAPAN).

ATP analysis

bEnd.3 cells were grown to 60 mm and transfected. The
cells were washed with PBS, and 20,000 cells/ml were
prepared for ATP analysis. An ATP analysis kit
(ATPlite Istep, PerkinElmer, USA) was used following
the manufacturer’s instructions.

Stereotaxic injection of endoxifen

To activate Cre recombinase, 2.5 mM endoxifen hydro-
chloride hydrate (Sigma E8284) in 20% DMSO/PBS or
20% DMSO/PBS, as a control, injected into the stria-
tum of VECad Cre-ERT*-Crifl /o¥/ox mice (AP
+0.7mm, ML +2.1mm, DV —3.5mm relative to the
bregma; 0.2 pl/min, total 2 pl) using 33 G blunt needle
and 10 ul Hamilton syringe. The experiment was per-
formed under anesthesia induced by sevoflurane. Mice
will show symptoms such as weight loss and sickness if
they were damaged during surgery. There were no
defective mice in our experiments. Tendays after ste-
reotaxic injection, the mice were analyzed.

Isolation of microvessels from brain tissue

Mice brain tissue without the cerebellum was trans-
ferred to MCDB 131 medium (Thermo Fisher,
Gibco®, 10372019). The tissue was homogenized in
Iml of MCDB 131 medium using 10 strokes of a
tissue grinder. After adding 7ml of MCDB 131
medium for balancing, the cells were centrifuged at
2000g for S5min at 4°C. The supernatant was removed,
and the pellet was resuspended in 8 ml of 15% dextran/
PBS (Sigma-Aldrich, 31390). The samples were centri-
fuged at 10,000g for 15min at 4°C. Then, the super-
natants were removed carefully, and the pellets were
washed using 1 ml of PBS. Next, the pellets were trans-
ferred to a 40-um cell strainer with 10 ml of PBS for
washing. The filter was inverted, and the microvessels
were collected using 10ml of 0.5% BSA/MCDB 131
medium. The samples were centrifuged at 5000g for
10 min at 4°C, and the resulting pellets contained the
microvessels.*>

Statistical analysis

All results are presented as the mean values + SD. The
statistical significance of all the results was analyzed by



1550

Journal of Cerebral Blood Flow & Metabolism 40(7)

a two-tailed unpaired Student’s ¢ test using GraphPad
Prism (GraphPad Software Inc., San Diego, CA,
USA). The statistical significance of all the data is indi-
cated by *P < 0.05, **P < 0.01, or ***P <0.001.

Results

Crifl deletion in ECs leads to abnormal behavioral
activities in TEKCRIFI mice

To assess the importance of mitochondrial function in
ECs for BBB maintenance, we established an endothe-
lial cell-specific Crifl deletion mouse (7ek-Cre,
Crif*x mijce). To inactivate Crifl in ECs, we
crossed Crifi-floxed C57BL6/J mice with Tek-Cre
mice expressing Cre recombinase under the control of
an endothelial promoter, tyrosine kinase, that we called
TEKCRIF1 (Tek-Cre, Crif"**"% homozygous) mice
(Figure 1(a)). TEKCRIF1 mice were genotyped by
PCR of the Crifl gene and Cre recombinase
(Figure 1(b)). Crifl deletion did not cause a loss
of body weight or systemic inflammation
(Supplementary Figure 1(a) to (c)). To observe mito-
chondrial function in cerebral ECs of BBB, we focused
on the striatum and cortical region, areas that are par-
ticularly vulnerable to BBB disruption.?® To this end,
we examined changes in the expression of occludin,
which is involved in BBB integrity. We found no dif-
ference in the expression of occludin between postnatal
day 5 WT and TEKCRIF1 mice (Supplementary
Figure 1(d)), but found a marked difference at postna-
tal day 11, indicative of alterations in the BBB with
distinguishable behavioral defects. Criflf mRNA and
protein expression were decreased in the cortex and
striatum of TEKCRIF1 mice (Supplementary Figure
1(e) to (g)). To specifically examine the changes in
Crifl expression of ECs, we isolated microvessels
from the brains of TEKCRIF1 mice and found that
Crifl expressed was decreased by 60% of that in WT
mice (Figure 1(c) and (d)).

The BBB is the key structure that prevents the entry
of pathogens and controls immune cells from the blood
into the CNS parenchyma.”* Since BBB disruption
causes neurological and behavioral defects in CNS dis-
orders,”® we measured the movement of mice in the
open-field test to determine whether behavioral abnor-
malities appear in TEKCRIF1 mice (Figure 1(e)). The
movement distance of TEKCRIF1 mice for 10 min was
approximately halved compared to that of WT mice
(Figure 1(f)). Whereas WT mice moved throughout
the open field, the TEKCIRF1 mice did not move
easily, remaining in a limited portion of the field and
collapsing due to weak limbs. To determine the rele-
vance of these behavioral abnormalities to neurological
functions, we compared the clinical score of the

behavioral deficits in TEKCRIF1 and WT mice
according to the description in Table 4 (Figure 1(g)).
Approximately 24% of TEKCRIF1 mice showed a
limp tail, and nearly 41% of TEKCRIF1 mice were
unable to move because of abnormalities in the hin-
dlimbs or both hindlimbs and forelimbs. The increase
in the clinical score in TEKCRIF1 mice was associated
with brain tissue damage (Table 1).

Mpyelin is uncompacted, and leukocytes infiltrate the
tissue of TEKCRIFI mice

To determine the relevance of neurological pathologies
for observed behavioral abnormalities, we performed a
pathological analysis of TEKCRIF1 mice. To this end,
we assessed the expression of MBP, an essential com-
ponent in the myelination process, because damage to
myelin sheaths and reductions in MBP result in defects
in motor function in CNS diseases.”®?” MBP fluores-
cence intensity was reduced by approximately 40% in
the cortex and by 60% in striatum of TEKCRIF1 mice
compared with that in WT mice (Figure 2(a) and (b))
and the number of oligodendrocytes involved in the
formation of myelin, Olig2™ cells were decreased by
25% in the cortex and striatum of TEKCRIFI mice
compared with that in WT mice without neuronal cell
deaths except less than 5% developmental programmed
cell deaths®® in both WT and TEKCRIFI mice, as
assessed by TUNEL assay (Supplementary Figure 2
(a) to (d)). Furthermore, we examined the structure
of myelin by electron microscopy and observed defects
in myelin in TEKCRIF1 mice (Figure 2(c)). Whereas
the myelin of WT mice was well organized, obvious
swelling, decompression of the myelin sheath and
loose myelin were observed in TEKCRIFI mice.
Myelin damage is indicative of BBB disruption and
demyelination of CNS disorder.*’

In a normal state, the BBB maintains the immune
privileged state of the brain by modulating the entry of
immune cells into the CNS tissue.* Leukocyte infiltra-
tion is observed in CNS diseases such as multiple scle-
rosis with demyelination.”’2"% To verify the
infiltration of leukocytes in brain tissue, we performed
immunohistochemistry with the anti-CD45 antibody in
the cortex and striatum. CD45-positive cells consider-
ably infiltrated the cortex and striatum of TEKCRIF1
mice (Figure 2(d) and (e)). We also performed a FACS
analysis on brain tissue to investigate leukocyte subsets.
We found that CD3YCD4" T cells and CD3YCD8" T
cells increased in TEKCRIF1 mice compared with WT
mice. Ly6C™ cells (monocytes) and Ly6G™ cells (neu-
trophils) were also increased in TEKCRIF1 mice com-
pared with WT mice. These data suggest that the
increase in CD45" cells consisted of infiltrated T
cells, neutrophils, and monocytes (Supplementary
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behavioral defect was scored using a 5-point paradigm and plotted. Data are represented as the mean and SD; *P < 0.05, **P < 0.01

compared with WT.

Table I. Clinical score to determine the behavioral deficits in
TEKCRIFI mice.

Number Number of
Score Description of mice (WT) mice (KO)
0 No symptoms 17
| Floppy tail 4
2 Hindlimb weakness 3
3 Hindlimb paralysis 2
4 Forelimb and 2
hindlimb paralysis
5 Death 6
Total 17 17

The table shows the clinical score description (N =17 per group).

Figure 2(e)). This infiltration means that Crif] deletion
in ECs caused leukocyte infiltration in the CNS paren-
chyma. Taken together, these results suggest that
endothelial-specific Crifl deletion causes behavior
abnormalities through uncompacted myelin and leuko-
cyte infiltration.

Crifl deletion in ECs induces BBB disruption in
TEKCRIFI mice

To examine how myelin damage and leukocyte infiltra-
tion occur in TEKCRIF1 mice, we examined the
expression of occludin as a tight junction molecule
and albumin, and as a BBB leakage marker using
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immunofluorescence staining to determine whether the
BBB is disturbed in TEKCRIF1 mice (Figure 3(a)).
The fluorescence intensity of parenchymal albumin was
increased to 1.5-fold in the cortex and 2-fold in the
striatum in TEKCRIF1 mice compared with that in
WT mice (Figure 3(c)). Triple-label immunofluores-
cence revealed that leakage of albumin was detected
in regions where the expression of CD31, a marker of
ECs, and occludin were decreased. Consistent with the
immunostaining result, protein expression of occludin
was decreased in the cortex and in the striatum com-
pared with that in WT mice (Supplementary Figure 2(f)
and (g)). We also examined claudin-5 protein which is
one of the essential tight junction proteins for the

maintenance of BBB integrity in isolated microvessels
from brain tissue. We found that claudin-5 protein
expression in TEKCRIF1 mice was decreased by
70% of that in WT mice (Figure 3(e) and (f)).

To observe the BBB leakage in the mouse brain in a
living state of mouse brain, in vivo dextran-FITC BBB
permeability assay was performed using 40 kDa dex-
tran, which is smaller than albumin (70kDa). After
dextran was injected into the heart of anesthetized
TEKCRIF1 mice, the cortical vasculature was
observed by two-photon imaging (Figure 3(g)).”!
Imaging of the cortical vasculature clearly revealed
that there was no leakage of dextran until 30min
after injection in WT mice. In contrast, significant
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Figure. 3. Endothelial-specific Crif] knockdown causes blood-brain barrier disruption in TEKCRIFI mice. (a) Tissues were stained

for CD31 (green), albumin (red), tight junction protein, and occludin (magenta) (N =at least 5). Scale bar: 20 um. Arrow indicated
rectangle, enlarged region. Scale bar: 10 um. (b, ¢, d) The immunofluorescence staining area of CD31, occludin and area of albumin
was quantified. Data are represented as the mean and SD; *P < 0.05, **P < 0.0] compared with WT. (e) Protein levels of claudin-5 in
the isolated microvessels from brain tissue of TEKCRIF| mice were analyzed by Western blotting (N = at least 4). The intensity value
of claudin-5 is shown in (f); *P < 0.05 compared with WT. (g) Leakage of dextran in TEKCRIFI mice after injection of 40 kDa dextran-
FITC. Arrows indicate leakage of dextran and the decrease in dextran in blood vessels. Scale bar: 50 um. (h) The dextran intensity was
quantified with ROI boxes which indicate region of dextran leakage in tissue (n of ROl boxes = 50/group). Data are represented as
the mean and SDj; **P < 0.001 compared with WT 30 min after dextran injection. *#P <0.001 for the intensity compared between

KO mice 5min after dextran injection and 30 min after dextran injection.

dextran leakage over time was evident in TEKCRIF1
mice (Figure 3(g)). The vessels in WT mice were also
more clearly detectable at 30 min than at 5min owing
to the circulating FITC-dextran in vessels. However,
this decrease in dextran observed in vessels of the
TEKCRIF1 mouse brain 30 min after injection indi-
cates increased leakage into the tissue because of the
escape of FITC-dextran from the vessels. FITC fluo-
rescent vasculature images were quantitatively ana-
lyzed, and the intensity of the tissues near vessels was
normalized (Figure 3(h)). While FITC intensity in the
tissue did not differ between 5min and 30 min after
dextran injection in WT mice, FITC intensity in the
tissue from TEKCRIF1 mice was obviously increased

30 min after dextran injection compared to the intensity
Smin after dextran injection. The real-time dextran
leakage in the TEKCRIF1 mice brain strongly
showed disrupted function of the BBB in vivo.

We examined whether Crif] deletion in ECs affects
vessel formation by performing H&E staining on brain
slices. We observed that the amount of normal blood
vessels in TEKCRIF1 mice was decreased to 60% in
the cortex and 50% in the striatum compared to that in
WT mice (Supplementary Figure 3(a) and (b)). Then,
we also examined whether vessel formation in the
muscle was altered in TEKCRIF1 mice due to Crifl
deletion and endothelial dysfunction. As shown in
Supplementary Figure 3(c) and (d), there were no
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cerebrovascular structure in the cortex and striatum of TEKCRIFI mice (N = 3). Scale bar: | um, Rectangle: the enlarged images,

Scale bar: 200 nm. EC: endothelial cell, T): tight junction, P: pericyte.

differences in blood vessel formation in the muscle
between WT and TEKCRIF1 mice, and muscle mor-
phology was well organized in TEKCRIF1 mice, sim-
ilar to that in the WT mice. Occludin expression in the
skeletal muscle is lower than in the brain for barrier
formation.*** For this reason, we focused on ECs in
the BBB. Since Crifl deletion in ECs decreased the
number of blood vessels in brain, we performed tube-
formation assays and investigated the levels of the
angiogenesis-related genes, Angpt2 and Vegf, using
the bEnd.3 cell line to verify whether deletion of
Crifl in ECs causes brain angiogenesis and vascular
maturation (Supplementary Figure 3(e)). We observed

that siRNA-mediated knockdown of Crifl in bEnd.3
cells inhibited tube formation by 40% compared with
control cells. These results are consistent with the
reduction in vessel number found in the brains of
TEKCRIF mice. However, Vegf mRNA expression
was increased ~8-fold in Crifl-knockdown bEnd.3
cells compared with control cells, whereas Angpt2
expression was not significantly changed. These results
indicate that Crifl deletion affects brain vascular bar-
rier maturation and causes BBB disruption through
inducing abnormalities in cerebral vascular morpholo-
gy and downregulation of tight junction proteins at an
early embryonic phase in TEKCRIF1 mice.
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slides =at least 10). Scale bar: 10 um. (b—d) The fluorescent area of CD31, F-actin and ZO-| was quantified in blood vessels. Data are
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determinate the quantitative ATP content in the cortex and striatum of TEKCRIFI mice (N =4). (f) Crifl knockdown bEnd.3. cells and
control cells were stained for Crifl (magenta) and F-actin (red) (n = at least 4); Scale bar: 20 pm. Arrows indicate an increase in F-actin
expression. (g) Crifl knockdown bEnd.3. cells and control cells were stained for NDUFA9 (magenta) and ZO-I, a tight junction-
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intensity of NDUFA9 and ZO-1 was quantified per cell. Data are represented as the mean and SD; *P < 0.05, *P < 0.01, **P < 0.001
compared with control. (m) The expression of soluble G-actin, polymerized F-actin and total B-actin was examined by VWestern blotting
(n=3). (n) The ratio of F-actin to G-actin in bEnd.3. cells was quantified to observe an alteration in actin cytoskeleton. (o) ATP
bioluminescence assay was analyzed to quantify the ATP content in bEnd.3. cells (n=9). *P < 0.05 compared with control.

Crifl deletion in ECs deteriorates the blood vessels
accompanying mitochondrial dysfunction

CD31 and NDUFAO9 co-staining (Figure 4(c)). These
results suggest that EC-specific Crifl knockout leads to
mitochondrial defects and cerebral vascular dysfunc-
tion. Consistent with these results, CD31 and
NDUFADY9 protein levels were decreased in microvessels
isolated from the brains of TEKCRIF1 mice compared

Because we found that the BBB was disrupted in
TEKCRIF1 mice, we identified how the Crif7 deletion
in ECs led to BBB disruption through vascular defects.

Double immunofluorescence staining in the cortex and
striatum using the EC marker, CD31, and mitochon-
drial complex I marker, NDUFA9, was performed. As
shown in Figure 4(a), TEKCRIF1 mice showed the
decreased area of CD31 staining compared with WT
mice (Figure 4(b)) as well as a decrease in the area of

to those of WT mice (Figure 4(d) to (f)).

We also analyzed the OCR of isolated mitochondria
from the cortex and striatum of TEKCRIF1 mice to
verify the influence on metabolism induced by Crifl
deletion. Both the basal OCR and the OCR of
State 3, which is the state after ADP injection, of
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isolated mitochondria from the cortex and striatum
were reduced in TEKCRIF1 mice compared to those
in WT mice (Figure 4(g) and (h)). Despite ADP supply,
the OCR in TEKCRIF1 mice was lower than that in
WT mice, indicating that ATP production may be
broken down in TEKCRIF1 mice, consistent with the
ATP analysis. The OCR of State 4 (after oligomycin
injection) and State 3 u (after CCCP injection) was also
decreased by Crifl deletion (Figure 4(i) and (j)). To
specify whether Crifl deletion-induced mitochondrial
dysfunction in ECs impaired BBB integrity, we trans-
fected bEnd.3 cells, a mouse cerebral cortex EC line,
with small interfering RNA (siRNA) to decrease Crifl
expression. Crif1 knockdown in bEnd.3 cells resulted in
decreased Crifl mRNA and Crifl protein expression
with decreased protein expression of the mitochondrial
complex I subunit, NDUFA9 (Supplementary Figure 4
(a) and (b)). The oxygen consumption rate was also
decreased in Crifl knockdown cells. Compared to neg-
ative siRNA-transfected cells (siCon), Crifl knock-
down cells (siCrifl) showed reduced basal respiration
before treatment with oligomycin (Oligo), an inhibitor
of ATP synthase (Supplementary Figure 4(c) and (d)).
The oxygen consumption rate after treatment with oli-
gomycin revealed that there is less consumption in
Crifl knockdown cells than in control cells, suggesting
that ATP production is lower in Crifl knockdown cells
than in control cells. After CCCP treatment, which
causes an uncoupling of the proton gradient in the elec-
tron transport chain, Crifl knockdown cells showed
less of an increase in the OCR than control cells, indi-
cating that Crifl deletion resulted in a lower maximal
respiration and spare capacity than in control cells.

According to Figure 4(k), which shows the cerebral
vascular structure by electron microscopy, healthy
mitochondria with distinct cristae were observed to
overlap with ECs in WT mice by interacting via tight
junctions. In TEKCRIFI mice, however, damaged
mitochondria were observed, including abnormal mito-
chondrial cristae and an unorganized interaction
between cerebrovascular ECs. Furthermore, the over-
lapped region of ECs was shorter and broken. These
results suggest that EC-specific Crifl deletion induced
cerebral vascular damage and BBB disruption caused
by mitochondrial dysfunction.

Crifl loss causes dysregulation of actin dynamics
and a decrease in tight junction-associated protein
expression via ATP depletion

Thus far, we have demonstrated that Crif] deletion in
ECs leads to abnormal behavior caused by myelin
damage and leukocyte infiltration through cerebrovas-
cular dysfunction and BBB disruption. Therefore, to
investigate how BBB disruption occurs with Crifl

deletion-induced endothelial dysfunction, we focused
on the role of ATP depletion in Crifl deletion-
induced mitochondrial dysfunction based on the
importance of ATP for maintaining the interaction
between tight junctions and the actin cytoskeleton.'?
ATP depletion in cells causes an alteration in the F-
actin/G-actin ratio through the dysregulation of actin
dynamics. In the early phase of BBB disruption, an
increase in the F-actin ratio induces alterations in
tight junction and tight junction-associated proteins
in ECs accompanying the BBB disruption.’> We
observed changes in F-actin and zonula occludens-1
(ZO-1) protein expression in the cortex and striatum
of TEKCRIF1 mice. Crifl deficiency led to increased
F-actin expressed area by 33% in the cortex and 45%
in the striatum of TEKCRIF1 mice with a decrease in
CD31 expressed area in ECs compared with that in WT
mice (Figure 5(a) to (d)). To identify the effects on
metabolism function induced by Crifl deletion in the
cortex and striatum of TEKCRIF1 mice, we performed
an ATP assay. Although there was no significant dif-
ference, there was a trend toward a reduction in ATP in
TEKCRIF1 mice compared to that in WT mice
(Figure 5(e)). We observed clear mitochondrial dys-
function in the isolated mitochondrial OCR analysis
(Figure 4(e) and (f)) as with the ATP analysis.

We investigated the expression of F-actin and ZO-1, a
tight junction-associated protein, in Crifl knockdown
cells. Consistent with the change of F-actin and ZO-1
expression in vivo, the percentage of Crifl expression
was decreased by approximately 80% in Crifl knock-
down cells, and Crifl fluorescent intensity was reduced
by 25% compared in each cell to that in control (Figure 5
(), (h) and (1)), accompanied by an increase in the F-actin
intensity to 135% in each cell compared to that in control
(Figure 5(f) and (j)). Consistent with the decrease in
NDUFAY expression observed in the in vivo study,
NDUFA9 expression also decreased by 25% in siCrifl
cells compared with that in control cells, and the ZO-1
fluorescent intensity was verified to be reduced by 25% in
siCrif1 cells compared with that in control (Figure 5(g),
(k), and (1)). To further verify the rearrangement of F-
actin and G-actin, we analyzed the F-actin/G-actin ratio.
The F/G-actin ratio was significantly increased in siCrif1
cells compared to that in siCon cells, with no significant
change in total B-actin protein expression (Figure 5(m)
and (n)). Consistent with the OCR analysis, the relative
ATP concentration in siCrif1 cells was lower than that in
siCon cells (Figure 5(0)). Taken together, these data indi-
cate that mitochondrial dysfunction with ATP depletion
through Crifl knockdown induced an alteration in actin
cytoskeleton and tight junction-associated protein expres-
sion. These data show that Crifl deletion caused dysre-
gulation of the actin cytoskeleton and ZO-1 expression
accompanying the decrease in ATP production caused by
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mitochondrial dysfunction in the cortex and striatum of
TEKCRIF1 mice.

BBB disruption was observed in brain of VECad
Cre-ER™-Crif| /% mjce by stereotaxic
injection of endoxifen

We investigated whether the Crifl deletion induced
BBB disruption in the brain specifically in VECad
(VE-cadherin, vascular endothelial cadherin promoter)
Cre-ER"%-Crif1 7o/ mice. To delete Crifl in ECs of
the brain, we crossed Crifi-floxed C57BL6/J mice with
VECad Cre-ER™ mice expressing a tamoxifen-
inducible Cre recombinase under the control of the
VE-cadherin promoter.’® The mice were injected ste-
reotaxically with endoxifen, a metabolite of tamoxifen,
into the striatum.?’ Activated Cre expression was con-
firmed in brain tissue of endoxifen-injected VECad
Cre-ER™2-Crifl /X mice by PCR. The deleted-
gene product resulting from activated Cre recombinase
was identified in endoxifen-injected VECad Cre-ER™*-
Crifl /”¥7°X mice, but not in control mice
(Supplementary Figure 5(a) and (b)). To observe BBB
disruption in endoxifen-injected VECad Cre-ER™-
Crifl foxox mice, we examined the expression of
CD31 and the albumin and ZO-1 protein in the
region where endoxifen was injected. Compared to
that in the control group, CD31 expression was
decreased in endoxifen-injected VECad Cre-ER™>-
Crifl "< mice (Figure 6(a), (b), (d), and (e)).
Consistent with the results in TEKCRIF1 mice, albu-
min leakage showed BBB disruption accompanying the
decrease of ZO-1, in the tight junction-associated pro-
tein (Figure 6(c) and (f)). However, owing to the short
observation period, leukocyte infiltration was rare in
acute endoxifen-injected VECad Cre-ER™-Crif "~/
fox mice (Supplementary Figure 5(c)).These results
demonstrated that Crifl deletion specifically in ECs
in the brain can cause BBB disruption in not only
TEKCRIF1 mice but also in endoxifen-injected
VECad Cre-ER™-Crifl /*/°* mice. As shown in
Figure 6(g), an EC-specific Crif] deficiency resulted in
BBB maturation and disruption. This disruption in the
BBB in TEKCRIF1 mice leads to abnormal behaviors
in association with immune cell infiltration and myelin
damage accompanied by dysregulation of the actin
cytoskeleton and junctional proteins. In addition,
endoxifen-injected ~ VECad  Cre-ER™2-Crif/"ox/iox
mice, in which Crifl was deleted specifically in the stri-
atum area, exhibited BBB disruption together with a
leakage of albumin and reduction in tight junction-
associated proteins.

Discussion

BBB disruption is considered to be a result of oxygen—
glucose depletion in ischemic stroke and a symptom of
neurodegenerative diseases such as Parkinson’s disease
and Alzheimer’s disease.®® Tight junction assembly in
ECs is indispensable for the maintenance of BBB
strength. However, therapeutics of BBB disruption
has been targeting secondary injury and glial cells sur-
rounding the BBB. A recent study showed that cyclo-
oxygenase inhibition prevents BBB disruption
following ischemic stroke.®” Although oxidative stress
causes BBB disruption and pathogens aggravate BBB
dysfunction in neurological diseases, whether mito-
chondrial modulation in ECs can preserve BBB integ-
rity is still unknown. In addition, BBB disruption has
not been examined in an endothelial cell-specific mito-
chondria-targeted genetic animal model. Here, we
reveal that endothelial-specific Crifl deletion induced
BBB disruption accompanied by an alteration in junc-
tional protein expression and the actin cytoskeleton
caused by dysfunction of mitochondrial energy
metabolism.

We observed loose and damaged myelin sheaths in
TEKCRFI mice and showed leakage of the albumin
and immune cells in TEKCRIF1 mice. The infiltration
of the substances through the weak BBB leads to brain
tissue damage. In addition, we investigated the increase
of immune cells such as T cells, monocytes and neutro-
phils in the brain of TEKCRIF1 mice by FACS anal-
ysis. Leakage of a plasma protein promotes chemokine
release and T cell recruitment and demyelination.*
However, the analysis of slides prepared from
endoxifen-injected VECad Cre-ER-Crif/o*//"x mice
revealed that CD45"% cells were scarce owing to the
short observation period. Increased BBB permeability
was also observed early (within 1h) after traumatic
brain injury (TBI) and recovered after 6 h, whereas leu-
kocyte adherence was detected more than 6 h after TBI
and was independent of BBB damage.*'*** These
reports, taken together with our experimental results,
suggest that disruption of the BBB is not always
accompanied by leukocyte infiltration. The severity of
mitochondrial dysfunction may affect pathophysiolog-
ical responses, such as leukocyte infiltration and
inflammation. We demonstrate that the infiltration of
immune cells through the broken BBB can induce
myelin damage and behavioral deficits associated with
neurological pathologies in TEKCRIF1 mice, but the
direct relationship between the immune system and
myelin damage needs to be investigated in further stud-
ies. In this study, we focused on mitochondrial function
in ECs of the BBB, which provides the energy necessary
to maintain the cytoskeleton and junctional proteins of
the BBB.
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Figure. 6. Crifl deletion in ECs generates BBB disruption in VECad Cre-ER™-Crifl /1 mice. (a) The striatum of VECad Cre-ER"-
Crifl /1o mice, endoxifen injected were stained for CD31 (green), Albumin (red). Control is the group injected 20% DMSO/PBS,
Endoxifen is the group injected 2.5 mM endoxifen hydrochloride hydrate in 20% DMSO/PBS (N = at least 4). Scale bar: 10 um. Arrows
indicate an albumin leakage of endoxifen compared to control. (b, c¢) The fluorescent area of CD3 1 and intensity of albumin was
quantified. Data are represented as the mean and SD; *P < 0.05, **P < 0.01, ***P < 0.00] compared with control. (d) The striatum of
VECad Cre-ER"-Crifl ™/f°* mice, endoxifen injected were stained for CD31 (green), ZO-1 (magenta). Scale bar: 10 um. Arrows indicate
a decrease in ZO-1| expression of endoxifen compared to control (N = at least 3). (e, f) The fluorescent area of CD3| and ZO-| was
quantified. Data are represented as the mean and SD; *P < 0.05 compared with control. (g) Schematic of the mechanism underlying
mitochondrial function in ECs of the BBB. Crif| deletion in ECs causes mitochondrial dysfunction in the ECs of the BBB. ATP depletion
resulted from mitochondrial dysfunction affects actin dynamics and increases F-actin in ECs. These changes lead to dysregulation of the
interaction between the actin cytoskeleton and junctional proteins that maintain BBB integrity. Plasma proteins and peripheral immune
cells cross the broken BBB. Infiltrated substances cause secondary injury such as myelin damage, inducing behavioral deficits.

Crifl is a prime target in the investigation of mito-
chondrial OxPhos function as a protein that is crucial
in the formation of the mitochondrial OxPhos polypep-
tides in the mitochondrial membrane.'® We identified
the reduction of NDUFA9 (mitochondrial complex I
subunit) protein expression with isolated microvessels
from the brain of TEKCRIF1 mice. Furthermore, we
showed that Crifl deficiency impaired junctional

proteins that maintain BBB integrity with isolated
microvessels from brain through the ATP depletion
by analyzing the mitochondrial oxidative consumption
rate in cerebral ECs. In pathological conditions such as
ischemic stroke, the actin cytoskeleton is reorganized
by actin depolymerizing factor (ADF)/cofilin signal-
ing.>> In addition, RhoA/ROCK signaling is related
to regulating BBB permeability by inducing stress
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fibers and increasing EC contractility.* Even though
several molecules modulate the actin cytoskeleton, we
suggest the importance of ATP from mitochondria in
ECs for BBB integrity because cerebral ECs are differ-
ent from peripheral ECs, which have fewer mitochon-
dria and wuse energy provided by glycolysis.*
Meanwhile, in the neurovascular unit, the BBB consists
of ECs, pericytes and astrocytes. Pericyte- and
astrocyte-covered blood vessels regulate the BBB by
secreting numerous factors.** In TEKCRIF1 mice,
secreted molecules from pericytes and astrocytes
and the related signaling need to be examined in
future studies.

Additionally, a reduction in both glycolysis and
mitochondrial oxidative phosphorylation affects angio-
genesis and vascular barrier maturation in retina and
brain vessels.*® The increase in reactive oxygen species
that accompanies deletion of Tomm?7 (translocase of
outer mitochondrial membrane 7) inhibits brain angio-
genesis and formation of cerebrovascular network.*’
We found the defects of vessel formation in the brain
of TEKCRFII mice, while there were no differences in
blood vessel formation in the muscle between WT and
TEKCRIF1 mice. Besides, Crifi-knockdown bEnd.3
cells showed decrease of tube formation compared to
Control. However, Crifl defect in bEnd.3 cells showed
no difference in Angpt2 mRNA expression and increase
of Vegf mRNA expression. We interpret these findings
as indicating that mature vessel formation was inhib-
ited owing to insufficient mitochondrial ATP support,
while vascular EC expression of growth factors was
upregulated by oxidative stress as part of a vascular
homeostasis mechanism.'>** These data suggest that
a Crifl deficiency not only disrupts the BBB, but also
results in defective vascular maturation owing to mito-
chondrial dysfunction in cerebrovascular ECs, not
peripheral vessels. Collectively, it is clear that Crifl
deletion altered BBB integrity in TEKCRIF1 mice
with a genetic mitochondrial defect beginning in the
embryonic phase as well as VECad Cre-ER™-
Crif F"**/"x mice with acute mitochondrial dysfunction
induced by endoxifen injection in the adult phase, as
confirmed by a decrease in tight junction protein
expression and an increase in albumin leakage.

In summary, the present study shows that Crifl
downregulation induced a decrease in ATP production
in mitochondria OxPhos in ECs of the BBB. This
change disrupted the interaction between the actin
cytoskeleton, tight junction-associated proteins and
tight junction proteins in the ECs of the BBB, which
have more mitochondria than peripheral ECs.
Moreover, Crifl downregulation caused abnormal
behaviors by immune cell infiltration and myelin
damage through impairing BBB integrity. Thus, we
investigated the role of mitochondrial OxPhos in the

ATP supply in cerebral ECs. These data contribute to
the understanding of the maintenance of BBB integrity
from a position of ECs and mitochondria in ECs of the
BBB, which may be a novel target to help attenuate the
progression of BBB disruption in cerebrovascular dis-
eases and neurodegenerative diseases.
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