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Abstract

Endothelial cells make laminin-411 and laminin-511. Although laminin-411 is well studied, the
role of laminin-511 remains largely unknown due to the embryonic lethality of lama5~~ mutants.
In this study, we generated endothelium-specific lama5 conditional knockout (a5-TKQO) mice and
investigated the biological functions of endothelial lama5 in blood brain barrier (BBB)
maintenance under homeostatic conditions and the pathogenesis of intracerebral hemorrhage
(ICH). First, the BBB integrity of a5-TKO mice was measured under homeostatic conditions.
Next, ICH was induced in a5-TKO mice and their littermate controls using the collagenase model.
Various parameters, including injury volume, neuronal death, neurological score, brain edema,
BBB integrity, inflammatory cell infiltration and gliosis, were examined at various time points
after injury. Under homeostatic conditions, comparable levels of IgG or exogenous tracers were
detected in a.5-TKO and control mice. Additionally, no differences in tight junction expression,
pericyte coverage and astrocyte polarity were found in these mice. After ICH, a5-TKO mice
displayed enlarged injury volume, increased neuronal death, elevated BBB permeability,
exacerbated infiltration of inflammatory cells (leukocytes, neutrophils, and mononuclear cells),
aggravated gliosis, unchanged brain edema, and worse neurological function, compared to the
controls. These findings suggest that endothelial lama5 is dispensable for BBB maintenance under
homeostatic conditions but plays a beneficial role in ICH.
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Introduction

The blood brain barrier (BBB) is a dynamic structure that functions to maintain brain
homeostasis [1, 2]. Not only is BBB disruption a common pathophysiology of various
neurological disorders, it also contributes to the pathogenesis of these diseases [3-8].
Although the BBB attracts a lot of attention due to this important function, the majority of
BBB research focuses on its cellular constituents, including brain microvascular endothelial
cells (BMECs), pericytes and astrocytes. Recent studies demonstrate that its non-cellular
component---the basement membrane (BM) also actively participates in vascular integrity
regulation [9-13].

The BM, located at the abluminal side of BMECs, is composed of highly organized
extracellular matrix proteins synthesized by BMECs, pericytes and astrocytes [14-17].
Laminin, the only component required for BM formation, is a trimeric protein containing
one a, one B, and one -y subunits [18, 19]. With 5 a, 4 B, and 3 y genetic variants, many
laminin isoforms exist [19, 13]. It should be noted that different cells make distinct laminin
isoforms. At the BBB, astrocytes make laminin-a2ply1 (laminin-211) [20-22], pericytes
make a4/a5-containing laminins [13, 23, 24], and BMECs synthesize laminin-411 and -511
[25, 26, 22]. Using conditional knockouts, we have reported that loss of astrocytic laminin
leads to BBB disruption and spontaneous intracerebral hemorrhage (ICH) due to abnormal
mural cell differentiation/maturation [27, 28]. Consistent with this finding, BBB breakdown
was found in laminin-a.2 null mice [21], suggesting an indispensable role of astrocytic
laminin (laminin-211) in BBB maintenance. In a recent study, we also showed that loss of
pericytic laminin resulted in mild BBB breakdown and hydrocephalus in a genetic
background-dependent manner [24]. In addition, lama4~/~ mice demonstrated disrupted
vascular integrity at perinatal stage but not in adulthood [29], possibly due to compensatory
and ubiquitous expression of lama5 in the vascular tree [30]. Although grossly normal under
homeostatic conditions, these lama4~/~ mutants had reduced T-lymphocyte extravasation and
attenuated disease susceptibility & severity in multiple sclerosis [30], suggesting a critical
role of lamad/lamab5 in vascular integrity and disease progression in pathological conditions.
Unlike lama4, lama5 global knockout results in embryonic lethality [31], preventing
investigation of lama5’s function at postnatal stage.

To overcome this limitation, we generated an endothelium-specific lama5 knockout line.
Using these mutants, we first investigated whether endothelial lamab5 is required for BBB
maintenance under homeostatic conditions. Next, the role of endothelial lama5 in
pathological conditions was also examined using ICH as a disease model. ICH was chosen
for the following reasons: (1) it is a cerebrovascular disease that causes degradation of
laminin-containing BM [32], (2) BBB integrity is tightly associated with secondary brain
injury [33], and (3) it has the highest rates of mortality and disability but without effective
treatments so far. We report that endothelial lama5 is dispensable for BBB maintenance
under homeostatic conditions, and that loss of endothelial lamab results in exacerbated
injury at structural, biochemical, and functional levels after ICH, suggesting a beneficial role
laminin-511 in ICH.
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Material and Methods

Animals

ICH Model

Histology

RT-PCR

The experimental protocols were approved by the Institutional Animal Care and Use
Committee at the University of Georgia and were in accordance with the NIH guidelines for
the care and use of animals. Laminin-a5/19%¥/foX mice [34] were crossed with the Tie2-Cre*
transgenic line (Jackson Lab: 008863) to generate laminin a5f0%/flox:Tie2-Cre* (a5-TKO)
mice. Littermate laminin a5719%/floX and laminin a5M1°%*: Tie2-Cre* mice were used as
controls. Mice of both genders at the age of 6-8 weeks were used in this study. All mice
were housed in the animal facility at the University of Georgia with free access to water and
food.

Mice were anesthetized by intraperitoneal injection of avertin (500 mg/kg of body weight).
ICH was induced by intracerebral injection of collagenase as described previously [35-39].
Briefly, mice were placed in a stereotaxic frame (Stoelting Co, IL, USA). A 24-gauge needle
was inserted through a burr hole into the striatum at the following coordinates: 0.2 mm
anterior to the bregma, 2.2 mm lateral to the midline, 3.7 mm in depth below the skull. ICH
was induced by administration of collagenase (type VII-S; Sigma, St. Louis, USA; 0.225U
in 0.5 pl saline) over 5 minutes. After injection, the needle was kept in place for 10 minutes
to prevent reflux. On 2, 5, and 10 days post injury (dpi), mice were transcardially perfused
with phosphate-buffered saline (PBS) and/or 4% paraformaldehyde (PFA), and the brains
were sectioned using a cryostat (Microm HM 550, Thermoscientific, USA).

Hematoxylin staining and Fluoro-Jade C (FJC) staining were performed to visualize brain
injury and degenerating neurons, respectively, as described previously [40, 35, 41]. Brain
injury volume was quantified using NIS-Elements D3.0 software as follow: injury volume
(mm?3) = sum of injury area x section thickness. FJC* cells were counted in six-eight
sections/mouse, using three fields immediately adjacent to the hematoma. The numbers of
degenerating cells were expressed as cells/field.

Total RNA was extracted from bone marrow cells and peripheral blood leukocytes freshly
isolated from control and a5-TKO mice using Trizol (Invitrogen, USA), according to the
manufacturer’s instructions. Equal amount of total RNA was subjected to reverse
transcription using the SuperScript 111 First-Strand Synthesis System (Invitrogen, USA). The
expression of lama5 and B-Actin were determined following standard PCR procedure. The
following primers were used in this study. Lama5: 5’-AGCCTCTCGACTCACCTCAT-3’,
5’-GCACCTGTTCTCTCGTGTCA-3’; B-Actin: 5’-ACAGCTGAGAGGGAAATCGT-3’,
5’-TGCTAGGAGCCAGAGCAGTA-3".
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Immunohistochemistry/Immunofluorescence

Standard immunohistochemistry and immunofluorescence protocols were used to examine
protein expression. Primary antibodies used in this study included: Rabbit anti-Laminin a.5
(1:800, generated as described previously [42]), Rat anti-Laminin a2 (1:400, Sigma, USA),
Goat anti-Laminin a4 (1:400, R&D, USA), Rat anti-CD31 (1:100, BD Biosciences, USA),
Mouse anti-Claudin-5 (1:200, Invitrogen, USA), Rabbit anti-ZO-1 (1:400, Thermofisher,
USA), Rat anti-PDGFRp (1:200, eBioscience, USA), Rabbit anti-AQP4 (1:500, Millipore,
USA), 1B4-488 (1:200, Thermofischer, USA), Rat anti-Ly6G (1:200; Biolegend, USA), Rat
anti-CD68 (1:200, Biolegend, USA), Rabbit anti-glial fibrillary acidic protein (GFAP, 1:400,
Stem cell, USA), and Rabbit anti-Ibal (1:500; Wako Inc, USA). The fluorescence intensity
of immunoreactivity and the number of immune-positive cells were calculated using the
ImageJ software (NIH, USA). For quantifications, 3-5 random fields around the hematoma
per section, 5 non-consecutive sections per animal, and at least 3 animals were used.

Angioarchitecture analysis

Vessel density, vessel length, and branching index were analyzed using I1B4 staining and the
AngioTool software as described previously [43-45]. Vessel density was defined as the
percentage of 1B4-positive area over total area. Vessel length is defined as the mean length
of all vessels in the image. Branching Index is defined as the number of vessel junctions
normalized per unit area. Changes in a5-TKO mice were normalized to that in controls. In
these analyses, 3 random images from each section, 8 sections from each mouse, and 3 mice
(n=3) were used for quantifications.

In vivo permeability assay

BBB permeability was examined using /in7 vivo permeability assay as described previously
[46-48, 39]. Briefly, sterile Evans blue solution (2% in saline, 80pl) and 4 kD-FITC-Dextran
(25 mg/ml, 50ul) were injected intravenously into control and mutant mice. After 6 hours,
these mice were transcardially perfused with 50 ml saline. The brains were then collected
and cut into left and right hemispheres. Each hemisphere was carefully weighed and
homogenized in 800ul of PBS and centrifuged at 13,200 rpm for 20 minutes at 4 °C. For
FITC-Dextran, the supernatant was collected and read in a fluorescent plate reader
(Molecular devices-SpectraMax, California, USA) at 485/528nm. For Evans blue, the
supernatant was collected and read in a spectrophotometer (Molecular devices-SpectraMax,
California, USA) at 620nm. Each sample was measured in triplicates and the average of
these technical replicates was used as one biological replicate. Six animals per group were
used for quantification. The results were normalized to the controls.

Brain Edema Measurement

Brain edema was measured using the wet weight and dry weight method as described
previously [35, 41, 49, 39]. Briefly, brains were collected at 2, 5 and 10 dpi and divided into
left and right hemispheres. These hemispheres and cerebellum (internal control) were
weighed immediately (wet weight) using an analytical balance. The samples were then dried
at 95°C for 24 h and reweighted (dry weight). Brain edema was calculated as follow: Brain
edema = (wet weight — dry weight)/wet weight x 100.
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Neurological Deficit

Statistics

Results

Neurological deficit was examined using a modified 28-point scoring system, which
assesses body symmetry, gait, climbing, circling behavior, front limb symmetry, and
compulsory circling, as described previously [50, 51, 35]. A higher score indicates more
severe neurological deficit. The person scoring these mice was blinded to the genotypes.

All data were presented as mean = SD. Student’s t-test was used to analyze differences
between two groups. One-Way ANOVA followed by Newman-Keuls test was used for data
analyses of more than two groups using GraphPad Prism (GraphPad Software, San Diego,
CA, USA). p<0.05 was considered to be significant.

Lamab is selectively ablated in endothelial cells in a5-TKO mice

By crossing lamab floxed mice with Tie2-Cre transgenic line, we generated endothelium-
specific lama5 knockout (a.5-TKO) mice. The a5-TKO were born at expected Mendelian
ratio without gross abnormalities (not shown). To validate the specificity and efficiency of
endothelial lama5 abrogation, we performed immunochemical analyses against lama2,
lama4 and lama5. These laminin a subunits were chosen because astrocytes predominantly
make laminin-211 [20-22], whereas endothelial cells synthesize laminin-411 and -511 [25,
26, 22]. Immunohistochemistry revealed strong lama2, lama4 and lama5 signals in control
brains (Fig. 1a). Although lama2 and lama4 were found in a5-TKO brains, lama5 was
barely detected in these mutants (Fig. 1a). The residual level of lama5 in a5-TKO brains is
probably from mural cells, which have been shown to also synthesize lama5 [13, 23, 24].
Quantifications showed that lama5 (fold change: 1.00£0.11 in controls versus 0.08+0.03 in
a5-TKO mice), but not lama2 (fold change: 1.00+0.08 in controls versus 0.98+0.06 in a5-
TKO mice) or lama4 (fold change: 1.00+0.07 in controls versus 0.99+0.06 in a5-TKO
mice), intensity was significantly reduced in a5-TKO mice compared to the controls (Fig.
1b). These results suggest that endothelial lamab is indeed abrogated in a5-TKO mutants,
and that loss of endothelial lama5 does not affect the expression of lama2 or lama4. In
addition to endothelial cells, the Tie2-Cre transgenic line has been reported to induce
recombination in hematopoietic cells [52-54]. To investigate if lamab5 is ablated in
hematopoietic cells, we examined lama5 expression in bone marrow cells and peripheral
blood leukocytes isolated from control and a5-TKO mice. We failed to detect lama5 in
either bone marrow cells or peripheral blood leukocytes independent of the genotype (Fig.
1c), indicating that these cells do not express lama5. Together, these findings suggest that
lamab5 is abrogated in endothelial cells specifically in a5-TKO mice, and that any
phenotypes observed in these mutants are due to loss of lama5 in endothelial cells.

Brain angioarchitecture and BBB integrity are unaffected in a5-TKO mice under
homeostatic conditions

To determine if loss of endothelial lama5 affects brain angioarchitecture, we performed
immunostaining against 1B4 (endothelial marker, Fig. 2a) and analyzed vessel density, vessel
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length, and branching index in control and a.5-TKO brains. Compared to the controls, no
significant differences in vessel density (fold change: 1.00£0.12 in controls versus 0.82+0.17
in a5-TKO mice), vessel length (fold change: 1.00£0.18 in controls versus 0.94+0.23 in a5-
TKO mice), and branching index (fold change: 1.00+0.34 in controls versus 0.85+0.49 in
a5-TKO mice) were detected in a5-TKO mice (Fig. 2b-d), strongly suggesting that loss of
endothelial lama5 does not affect brain angioarchitecture. To investigate if loss of
endothelial lama5 affects BBB permeability under homeostatic conditions, we first
examined the leakage of 1gG (~150kDa) into brain parenchyma. Immunohistochemistry
showed absence of IgG in both control and a5-TKO brains (Fig. 2e). Quantification revealed
similar levels of IgG in control and a5-TKO brains (fold change: 1.00+0.22 in controls
versus 1.12+0.25 in a5-TKO mice) (Fig. 2f), suggesting that the BBB is impermeable to
molecules of 150kDa or larger in a5-TKO mice. To determine if the BBB is leaky to smaller
molecules, we also performed BBB permeability assay using Evans blue (~66kDa due to
albumin binding) and FITC-Dextran (4kDa). Comparable levels of Evans blue (fold change:
1.00+0.13 in controls versus 1.07£0.16 in a.5-TKO mice) and FITC-Dextran (fold change:
1.00+0.07 in controls versus 1.04+0.07 in a5-TKO mice) were found in control and a.5-
TKO brains (Fig. 2g, h), strongly suggesting that endothelial lamab5 is dispensable for BBB
maintenance under homeostatic conditions.

TJP expression, pericyte coverage, and astrocyte polarity are unaffected in a5-TKO mice

TJPs seal gaps between endothelial cells, limiting paracellular transport [55, 56].
Immunohistochemistry showed that Claudin-5 and ZO-1 co-localized with each other in
both control and a5-TKO brains (Fig. 3a). Quantifications revealed comparable levels of
Claudin-5 (fold change: 1.00£0.13 in controls versus 1.03+0.11 in a5-TKO mice) and ZO-1
(fold change: 1.00+0.12 in controls versus 0.93+0.08 in a.5-TKO mice) in control and a5-
TKO mice (Fig. 3b), suggesting that TJP expression is not affected in these mutants.
Accumulating evidence shows that pericyte coverage on capillaries positively correlates with
BBB integrity [57-60]. In both control and a5-TKO brains, PDGFR (pericyte marker) co-
localized with 1B4 (blood vessel marker) (Fig. 3c). Quantifications demonstrated that
pericyte coverage, defined as the percentage of IB4™ capillary area covered by PDGFRB™*
pericyte area, was unaltered in a5-TKO brains compared to the controls (76.0+4.2% in
controls versus 74.6+4.0% in a5-TKO mice) (Fig. 3d). Astrocytes cover CNS microvessels
using their endfeet, where AQP4 is exclusively expressed [61, 58, 27, 24]. To determine if
AQP4 distribution/expression is affected, we performed immunohistochemical analysis
against AQP4 and CD31. In both control and a5-TKO mice, AQP4 is located at the
abluminal side of CD31 (Fig. 3e), indicating that the polarized distribution of AQP4 is not
disrupted in a5-TKO mice. Quantification revealed no significant difference in AQP4
fluorescence intensity between control and a.5-TKO mice (fold change: 1.00+0.10 in
controls versus 0.99+0.09 in a5-TKO mice) (Fig. 3f), suggesting that AQP4 expression is
unaltered in the mutants. Together, these results suggest that loss of lama5 in endothelial
cells does not affect TJP expression, pericyte coverage, and astrocyte polarity.

a5-TKO mice have increased injury volume after ICH

To investigate the role of endothelial lama5 in the pathogenesis of hemorrhagic stroke, we
induced intracerebral hemorrhage (ICH) in a5-TKO mice and their littermate controls, and
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assessed various parameters at 2, 5 and 10 days post injury (dpi). Injury volume peaked at 2
dpi and gradually decreased at 5 and 10 dpi in control mice (Fig. 4a, b). Similar trend was
observed in a5-TKO mice (Fig. 4a, b). Compared to the controls, a5-TKO mice showed
significantly enlarged injury volume at 2 (15.63+2.10mm? in controls versus
25.47+3.46mm3 in a5-TKO mice) and 5 dpi (10.75+1.72mm3 in controls versus
16.74%3.43mm3 in a5-TKO mice) (Fig. 4b). Although not statistically significant, increased
injury volume was also observed in a5-TKO mice at 10 dpi (4.60+1.88mm?3 in controls
versus 7.06+3.64mms3 in a5-TKO mice) (Fig. 4b). High-magnification images of
hematoxylin staining at the injury sites were shown in Supplementary Fig. 1 (Online
Resource 1). These data suggest that endothelial lama5 negatively regulates injury volume
after ICH.

a5-TKO mice show enhanced neuronal death after ICH

To examine neuronal death after ICH, we performed FJC staining, which labels degenerating
neurons specifically [62]. In control mice, the number of FIC* cells peaked at 2 dpi and
gradually decreased over time (Fig. 4c, d). In a5-TKO mice, however, the number of FIC*
cells remained high at 5 dpi (Fig. 4c, d). Compared to the controls, a5-TKO mice showed
higher number of FJC™ cells at all time points examined, but statistical significance was only
reached at 5 dpi (63.15+9.79, 52.10+12.45, and 35.93+£11.99 in controls versus 81.31+11.52,
82.26+16.03, and 50.54+10.21 in a5-TKO mice at 2, 5, and 10 dpi) (Fig. 4d). These results
suggest an important role of endothelial lama5 in neuronal death after ICH.

a5-TKO mice have exacerbated BBB disruption after ICH

Since BBB disruption actively contributes to secondary brain injury after ICH [33], we also
examined BBB integrity in a5-TKO and control mice at various time points after ICH. First,
we analyzed the leakage of 1gG into brain parenchyma by immunochistochemistry. Due to
the rupture of blood vessels caused by collagenase, we do not expect different IgG levels in
the brain at early time points after ICH. Consistent with this speculation, similar levels of
IgG were detected in control and a5-TKO brains at 2 dpi (mean intensity: 12.94+1.71 in
controls versus 9.98+3.23 in a5-TKO mice) (Fig. 5a, b). At 5 dpi, however, significantly
higher levels of 1gG were found in a.5-TKO brains (mean intensity: 8.04+6.35 in controls
versus 21.20+3.16 in a5-TKO mice) (Fig. 5a, b). Similarly, increased IgG leakage was
found in a5-TKO mice at 10 dpi, although it did not reach statistical significance (mean
intensity: 4.03+3.70 in controls versus 6.65+1.61 in a5-TKO mice) (Fig. 5a, b). Next, we
further validated this result by examining the leakage of intravenously injected tracers
(Evans blue and FITC-Dextran) in a5-TKO and control mice at 5 dpi. Consistent with 1gG
data, substantially higher levels of Evans blue (fold change: 1.00+0.81 in controls versus
2.67£1.62 in a5-TKO mice) and FITC-Dextran (fold change: 1.00+0.47 in controls versus
1.80+0.53 in a5-TKO mice) were detected in a5-TKO brains at 5 dpi (Fig. 5¢, d). Together,
these findings suggest a critical role of endothelial lama5 in BBB maintenance after ICH.

a5-TKO mice demonstrate increased inflammatory cell infiltration after ICH

With exacerbated BBB disruption, we expect enhanced inflammatory cell infiltration. To
assess inflammatory cell infiltration, we examined the extravasation of neutrophils and
monocytes/macrophages in brain parenchyma after ICH by immunohistochemistry. In
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control mice, Ly6G™* neutrophil counts peaked at 2 and 5 dpi and substantially diminished by
10 dpi (Fig. 6a). In a5-TKO mice, however, the number of Ly6G™ neutrophils remained

high at 10 dpi (Fig. 6a). Quantification revealed significantly more Ly6G™* neutrophils at 10
dpi in a5-TKO mice (41.98+9.91 in controls versus 77.68+10.82 in a.5-TKO mice),
although no difference was found at 2 (74.21+16.97 in controls versus 72.22+47.71 in a5-
TKO mice) and 5 dpi (70.01+£11.73 in controls versus 55.51+12.63 in a5-TKO mice) (Fig.
6b). Unlike neutrophils, monocyte/macrophage numbers gradually increased after ICH,
peaked at 5 dpi, and remained high at 10 dpi in both control and a5-TKO mice (Fig. 6¢).
Compared to the controls, however, a5-TKO mice demonstrated significantly higher number
of CD68™ monocytes/macrophages at all three time points after ICH (48.48+13.00,
100.24+2.42, and 85.12+7.89 in controls versus 71.44+10.05, 128.74+9.13, and
120.4948.71 in a5-TKO mice at 2, 5, and 10 dpi) (Fig. 6d). It should be noted that CD68
does not distinguish monocytes/macrophages or brain-resident microglia. These results
strongly suggest that endothelial lama5 negatively regulates inflammatory cell extravasation
after ICH.

a5-TKO mice have enhanced reactive astrogliosis and microglial activation after ICH

Reactive astrogliosis and microglial activation play important roles in brain injury after ICH
[63, 64, 35]. To access the role of lama5 in this process, we performed
immunohistochemistry against GFAP in control and a.5-TKO mice at various time points
after ICH. Typical morphology of activated astrocytes was observed in both control and a.5-
TKO brains (Fig. 7a). Quantification revealed significantly elevated GFAP fluorescence
intensity in a5-TKO mice at 2 and 5 but not 10 dpi (mean intensity: 10.53+0.78,
10.02+0.24, and 13.65+0.51 in controls versus 13.15+1.31, 13.63+1.30, and 14.58+1.38 in
a5-TKO mice at 2, 5, and 10 dpi) (Fig. 7b), suggesting enhanced reactive astrogliosis in
these mutants. In addition to astrocytes, microglia also play an important role in brain injury
after ICH [63, 64, 35]. Iba-1 immunostaining demonstrated typical ameboid morphology at
2 and 5 dpi in both control and a5-TKO mice (Fig. 7¢), indicating activated microglia at
early time points after ICH. Although Iba-1* microglia returned to ramified morphology
(resting/semi-activated) by 10 dpi in the controls, they remained the ameboid morphology at
this time point in a5-TKO brains (Fig. 7¢), suggesting abnormal microglial activation in a5-
TKO mice. Quantification displayed significantly higher number of Iba-1* microglia at 2
and 10 dpi in a5-TKO mice compared to the controls (25.51+2.76, 63.78+8.52, and
44.44+9.01 in controls versus 43.29+7.98, 62.59+13.62, and 77.39+18.06 in a5-TKO mice
at 2, 5, and 10 dpi) (Fig. 7d), suggesting exacerbated microglial activation in a5-TKO mice.
It should be noted that Iba-1 is not a microglia-specific marker. It also labels brain resident
macrophages and infiltrating monocytes, in addition to microglia [65, 66].

a5-TKO mice show exacerbated brain edema after ICH

To determine if endothelial lama5 affects brain edema after ICH, we examined brain water
contents in control and a5-TKO mice. Compared to the contralateral hemisphere, the
ipsilateral hemisphere showed significantly higher water contents in both control and a.5-
TKO mice at 2 dpi (Fig. 7e), indicating successful induction of ICH. However, no significant
difference in brain water content was observed in the ipsilateral hemisphere between
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genotypes (Fig. 7e), suggesting that endothelial lama5 plays a minimal role in brain edema
after ICH.

a5-TKO mice demonstrate worse neurological function after ICH

To assess the role of endothelial lama5 in neurological function after ICH, neurological
deficit score was measured in control and a5-TKO mice at 2, 5, and 10 dpi. In control mice,
neurological deficit score gradually decreased over time (Fig. 7f), indicating recovery. In
a5-TKO mice, however, this score remained high at later time points (Fig. 7f). Higher
neurological deficit score was found in a.5-TKO mice at all time points examined, although
significance was only reached at 10 dpi (9.24+2.11, 8.80+1.87, and 6.14+1.57 in controls
versus 11.09+1.81, 9.11+2.62, and 11.00+3.54 in a.5-TKO mice at 2, 5, and10 dpi) (Fig. 7f).
These findings suggest that loss of endothelial lama5 compromises neurological function
recovery after ICH.

Discussion

Unlike astrocytic laminin conditional knockout mice [27, 28], a5-TKO mice failed to show
BBB disruption under homeostatic conditions. This result is consistent with previous reports
using a different lama5 floxed line [67, 68], highlighting a dispensable role of endothelial
lama5 (laminin-511) in BBB maintenance under homeostatic conditions. The absence of
BBB leakage in a5-TKO mice suggests the existence of potential compensation. One
possibility is that the loss of endothelial lama5 (laminin-511) is functionally compensated by
laminin-411, the other laminin isoform synthesized by endothelial cells, although
laminin-411 expression is not up-regulated in a5-TKO mutants. The spatial and temporal
distribution of lama4 and lamab5 in the vasculature supports this possibility. Specifically,
lama4 is ubiquitously expressed in all types of vessels starting in embryonic stage, while
lamab has a patchy distribution pattern in post-capillary venules starting in postnatal stage
[30]. It should be noted that, however, distinct functions of laminin-511 and laminin-411 in
immune cell extravasation have also been proposed [30, 67, 69-71]. Another possibility is
that the loss of endothelial lama5 (laminin-511) is compensated by laminin isoforms from
other cells (e.g. pericytes). Although loss of pericytic laminin leads to mild BBB
compromise and hydrocephalus in a mixed genetic background [24], our unpublished data
show that pericytic laminin-deficient mice are grossly normal at young age in C57/BI6
background. Like endothelial cells, pericytes predominantly synthesize a4/a5-containing
laminins [13, 23, 24]. Given the close proximity of endothelium- and pericyte-derived
laminins in the BM [13, 32] and the same laminin a subunits, it is logical to hypothesize that
pericyte-derived a5-containing laminins are able to compensate for the loss of endothelial
lama5 (laminin-511). Transgenic mice with simultaneous loss of laminin-511/411 in
endothelium and those with laminin deficiency in multiple cell types will help determine
which laminin isoform(s) is involved in the compensation.

Although a5-TKO mice have intact BBB integrity under homeostatic conditions, they show
increased 1gG leakage and enhanced accumulation of intravenously injected tracers in brain

parenchyma after ICH, suggesting exacerbated BBB disruption. Consistent with this finding,
significantly more Ly6G* neutrophils and CD68" mononuclear cells were observed in a5-
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TKO mice, indicating an inhibitory role of endothelial lama5 (laminin-511) in inflammatory
cell extravasation. This conclusion is supported by various previous reports. For example,
increased neutrophil extravasation and compromised endothelial junction/barrier function
were observed in the cremaster muscle of a5-TKO mice after intrascrotal injection of TNF-
a [67]. Similarly, reduced T lymphocyte infiltration was found in lama4 null mice, which
showed elevated and ubiquitous expression of lama5 in the vasculature, in multiple sclerosis
[30]. In addition, transmigration of inflammatory cells primarily occurs in lama5'°% regions
[71, 70, 69], and administration of murine laminin alpha chain peptides inhibits leukocyte
accumulation in rats after ischemic stroke [72]. Together, these findings suggest that
laminin-511 negatively regulates inflammatory cell infiltration under pathological
conditions. The molecular mechanism, however, remains largely unknown.

In addition to exacerbated BBB disruption, we also found enlarged injury volume, increased
neuronal death, and more severe neurological dysfunction in the a5-TKO mice after ICH.
These findings are in accordance with previous studies showing that: (1) laminin is required
for the survival of hippocampal neurons and laminin degradation results in neuronal death in
the hippocampus [73, 74], and (2) lama5 stabilizes synapses during development and
deletion of lama5 in neurons leads to age-dependent synapse loss and behavioral defects
[75]. These results suggest that laminin-511 plays an indispensable role in neuronal survival
and function.

Furthermore, we observed increased GFAP intensity and elevated Iba-1* cells in a5-TKO
mice after ICH, indicating aggravated astrocyte/microglial activation. Consistent with this
observation, it has been shown that laminin inhibits astrocyte growth induced by IL-1p [76]
and that retinal microglia become hyperactivated upon loss of laminin y3 [77]. In addition,
laminin-111 has also been found to sustain the bipolar/rod morphology of microglia, which
is involved in CNS repair [78]. These results suggest that laminins negatively regulate gliosis
either directly or indirectly. It should be noted, however, that Iba-1 also marks brain resident
macrophages and infiltrating monocytes, in addition to microglia [65, 66]. Thus, we were
unable to distinguish these cells in this study.

In this study, collagenase VI was used to induce ICH. This model has many advantages
compared to the autologous blood model [79], an alternative ICH model [80, 81]. For
example, it induces small vessel rupture and mimics ICH pathology that occurs naturally in
humans, such as intraparenchymal bleeding and subsequent hematoma expansion from
continuous bleeding [82-84, 51]. This is consistent with the observations that: (1) hematoma
size remains stable in the autologous blood model but increases overtime in the collagenase
model [85-87], and (2) hematoma resolution is faster in the autologous blood model than the
collagenase model [85, 87]. In addition, the collagenase model can also provide information
on the response of brain tissue to bleeding and the role of basal lamina in BBB integrity.
Accumulating evidence shows that intracerebral injection of collagenase damages the basal
lamina (ECM destruction and thickening/widening of the basal lamina), leading to enhanced
BBB permeability [82, 88, 89, 51, 40, 35]. The collagenase model, on the other hand, also
has some disadvantages [79]. Unlike the autologous blood model, the collagenase model
adds a confounding factor (exogenous collagenase) to the system [83, 90, 80]. It has been
shown that collagenase amplifies inflammatory response and has neurotoxic effects at high
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doses [91]. For instance, neutrophil infiltration and neuronal death are observed in the
collagenase model but not in the autologous blood model at late time points (e.g. 7-21 days
after injury) [85, 92-94]. Since collagenase affects multiple targets in the brain (ECM, blood
vessels, inflammatory response), it is difficult to dissect its effects on the ECM and
subsequent pathological processes triggered by blood inflow into the brain.

Together, our results show that endothelial lamab5 is dispensable for BBB maintenance under
homeostatic conditions but plays a beneficial role in ICH. The protective role of endothelial
lamab5 is possibly due to its effects in BBB integrity, neuronal survival/function, and
astrocyte/microglial activation.
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Fig. 1.

Le?maS is selectively ablated in endothelial cells in a5-TKO mice. a Representative images
of laminin a2 (red), laminin a4 (magenta) and laminin a.5 (green) staining in control and
a5-TKO brains. b Quantifications of laminin a2, laminin a4, and laminin a5 intensity in
these mice. n=4. Student’s t-test was used for statistical analyses. ¢ RT-PCR analysis of
lama5 and B-Actin expression in bone marrow cells and peripheral blood leukocytes from
control and a5-TKO mice. M, marker; C, control; KO, a5-TKO; PC, positive control. ***p
< 0.001, compared to wildtype controls.
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Fig. 2.

Br%in angioarchitecture and BBB integrity are unaffected in a5-TKO mice under
homeostatic conditions. a Representative 3D images of I1B4 (green) staining in control and
a5-TKO brains. b-d Quantifications of vessel density (b), vessel length (c), and branching
index (d) in control and a5-TKO brains. n=3. Student’s t-test was used for statistical
analyses. e Representative images of CD31 (green) and IgG (red) staining in control and a5-
TKO brains. f-h Quantifications of IgG (f), Evans blue (g), and FITC-Dextran (h) levels in
the brains of these mice. n=4. Student’s t-test was used for statistical analyses.
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Fig. 3.

CLE?—TKO mice show no defects in TJP expression, pericyte coverage, and astrocyte polarity.
a Representative images of Claudin-5 (green) and ZO-1 (red) staining in control and a5-
TKO brains. b Quantifications of Claudin-5 and ZO-1 intensity in the brains of these mice.
n=4. Student’s t-test was used for statistical analyses. ¢ Representative images of I1B-4
(green) and PDGFRp (red) staining in control and a5-TKO brains. d Quantification of
pericyte coverage in the brains of these mice. n=4. Student’s t-test was used for statistical
analyses. e Representative images of CD31 (green) and AQP4 (red) staining in control and
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a5-TKO brains. f Quantification of AQP4 intensity in the brains of control and a5-TKO
mice. n=4. Student’s t-test was used for statistical analyses.

Transl Stroke Res. Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gautam et al. Page 21

a

Ctr
Ctr

a5-TKO

a5-TKO

40 -

(=2

actr a5-TKO 120 4 O Ctr @ a5 -TKO

w
o
L

N
o
1
(0]
o
1

n
o
1

Injury Volume (mm?3)
Number of FIC* Cells

S
\\\_

AN

D10 D2 D5 D10

Fig. 4.
a5-TKO mice demonstrate enhanced injury volume and increased neuronal death after ICH.

a Representative images of hematoxylin staining in control and a5-TKO brains at 2, 5, and
10 dpi. Dotted lines mark injury areas. b Quantifications of injury volume in these mice at 2,
5, and 10 dpi. n=4-5. One-Way ANOVA followed by Newman-Keuls test was used for
statistical analyses. ¢ Representative images of FJC staining in control and a5-TKO mice at
2,5, and 10 dpi. d Quantifications of FJC* cells in these mice at 2, 5, and 10 dpi. n=3-4.
One-Way ANOVA followed by Newman-Keuls test was used for statistical analyses. *p <
0.05, ***p < 0.001; compared to controls at the same time points.
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Fig. 5.
a5-TKO mice have exacerbated BBB disruption after ICH. a Representative images of 19G

(red) staining in control and a.5-TKO brains at 2, 5, and 10 dpi. b Quantifications of IgG
levels in these mice at 2, 5, and 10 dpi. n=3-5. One-Way ANOVA followed by Newman-
Keuls test was used for statistical analyses. c-d Quantifications of Evans blue (c) and FITC-
Dextran (d) leakage in control and a.5-TKO mice at 5 dpi. n=5-9. Student’s t-test was used
for statistical analyses. *p < 0.05, ***p < 0.001; compared to controls at the same time
points.
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Fig. 6.
a5-TKO mice demonstrate increased inflammatory cell infiltration after ICH. a

Immunohistochemistry of Ly6G in control and a5-TKO brains at 2, 5, and 10 dpi. b
Quantification of Ly6G™ neutrophils in control and a5-TKO mice at 2, 5, and 10 dpi. n=3-4.
One-Way ANOVA followed by Newman-Keuls test was used for statistical analyses. ¢
Immunohistochemistry of CD68 in control and a5-TKO brains at 2, 5, and 10 dpi. d
Quantification of CD68™ monocytes/macrophages in control and a5-TKO mice at 2, 5, and
10 dpi. n=3-4. One-Way ANOVA followed by Newman-Keuls test was used for statistical
analyses. **p < 0.01, compared to controls at the same time points.
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Fig. 7.
a5-TKO mice have increased astrocyte/microglial activation, unchanged brain water

content, and worse neurological function after ICH. a Immunohistochemistry of GFAP in
control and a5-TKO brains at 2, 5, and 10 dpi. b Quantification of GFAP intensity in control
and a5-TKO mice at 2, 5, and 10 dpi. n=3. One-Way ANOVA followed by Newman-Keuls
test was used for statistical analyses. ¢ Immunohistochemistry of Iba-1 in control and a.5-
TKO brains at 2, 5, and 10 dpi. d Quantification of Iba-1* microglia number in control and
a5-TKO mice at 2, 5, and 10 dpi. n=3. One-Way ANOVA followed by Newman-Keuls test
was used for statistical analyses. e Quantification of brain water content in control and a.5-
TKO mice at 2, 5, and 10 dpi. n=6-9. One-Way ANOVA followed by Newman-Keuls test
was used for statistical analyses. f Neurological deficit score in control and a5-TKO mice at
2, 5, and 10 dpi. 7=7-17. One-Way ANOVA followed by Newman-Keuls test was used for
statistical analyses. *p < 0.05, **p < 0.01, compared to controls at the same time points in b,
d, f; and compared to contralateral hemispheres at the same time points in e.
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