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Abstract

Laminin, a major component of the basal lamina in the CNS, is also expressed in oligodendrocytes (OLs). However, the

function of OL-derived laminin remains largely unknown. Here, we performed loss-of-function studies using two OL-

specific laminin-a5 conditional knockout mouse lines. Both mutants were grossly normal and displayed intact blood-brain

barrier (BBB) integrity. In a mouse model of intracerebral hemorrhage (ICH), control mice and both mutants exhibited

comparable hematoma size and neurological dysfunction. In addition, similar levels of hemoglobin and IgG leakage were

detected in the mutant brains compared to the controls, indicating comparable BBB damage. Consistent with this

finding, subsequent studies revealed no differences in tight junction protein (TJP) and caveolin-1 expression among

control and knockout mice, suggesting that neither paracellular nor transcellular mechanism was affected in the mutants.

Furthermore, compared to the controls, both mutant lines showed comparable oligodendrocyte number, oligodendro-

cyte proliferation rate, MBP/MAG levels, and SMI-32 expression, highlighting a minimal role of OL-derived laminin-a5 in

OL biology. Together, these findings highlight a dispensable role of OL-derived laminin-a5 in both brain homeostasis and

ICH pathogenesis.
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Introduction

Stroke, as the 5th leading cause of death in the United
States,1 leads to enormous socio-economic burden.
Depending on the type of injury to blood vessels (rup-
ture or ischemia), stroke is broadly categorized into
hemorrhagic and ischemic stroke. Hemorrhagic
stroke is the deadliest type of stroke, and unfortunately
no effective treatments are available currently. One key
pathology of intracerebral hemorrhage (ICH), a major
type of hemorrhagic stroke, is blood-brain barrier
(BBB) disruption. It has been shown that BBB disrup-
tion induces secondary brain injury and correlates with
ICH outcomes.2–7 In addition, mounting studies report
white matter injury and oligodendrocyte (OL) damage
after ICH.8–10

OLs are the only myelinating cells in the CNS. They
are differentiated from oligodendrocyte precursor cells

(OPCs), which are highly proliferative in adult brains.
OPCs differentiate into pre-myelinating OLs (pre-
OLs), which subsequently mature into myelinating
mature-OLs. Mature-OLs wrap axons with lipid-rich
myelin sheaths, enabling efficient signal conduction.

1Department of Molecular Pharmacology and Physiology, Morsani

College of Medicine, University of South Florida, Tampa, FL, USA
2Current Address: Department of Pediatrics, Emory University School of

Medicine, Atlanta, GA, USA

*These authors contributed equally to this work.

Corresponding author:

Yao Yao, Department of Molecular Pharmacology and Physiology,

Morsani College of Medicine, University of South Florida, 12901 Bruce B.

Downs Blvd., MDC 8, Tampa, FL 33612, USA.

Email: yao7@usf.edu

Journal of Cerebral Blood Flow &

Metabolism

2024, Vol. 44(4) 611–623

! The Author(s) 2024

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/0271678X241228058

journals.sagepub.com/home/jcbfm

https://orcid.org/0000-0001-7404-4266
https://orcid.org/0000-0001-8020-9696
mailto:yao7@usf.edu
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0271678X241228058
journals.sagepub.com/home/jcbfm


Previous in vitro studies have shown that the differen-
tiation and maturation of OLs are delicately regulated
by laminin,11 an extracellular matrix (ECM) protein.

Laminin is a heterotrimeric protein with one a
chain, one b chain, and one c chain. In mammals,
five a, four b, and three c chains have been identified,
which generate many laminin isoforms.11,12

Interestingly, different cells make distinct laminin iso-
forms. In the CNS, all laminin isoforms are found
exclusively at the basal lamina (BL) of the BBB, sug-
gesting important roles of laminin in BBB regulation.
Using various laminin conditional knockout mouse
lines, we have systemically investigated the functions
of endothelium-, pericyte-, and astrocyte-derived lami-
nin in BBB integrity. We have shown that distinct vas-
cular cell-derived laminin contributes to BBB
maintenance to different extents.13–18 In addition,
endothelial laminin-a5 repairs BBB integrity and hem-
orrhagic brain injury,15 whereas mural cell-derived
laminin-a5 exacerbates BBB damage and ischemia-
reperfusion injury.16

Whether non-vascular cells make laminin and the
functional significance of non-vascular cell-derived
laminin remain largely unknown. Recent RNA-
sequencing studies revealed various laminin chains in
OLs.19–21 In addition, a secretome analysis reported
laminin-a5 expression in pre-myelinating OLs.22 To
investigate the function of OL-derived laminin-a5, we
generated two conditional knockout mouse lines. Both
mutants were grossly normal under homeostatic con-
ditions and exhibited comparable changes as the con-
trols after ICH. These results suggest dispensable roles
of OL-derived laminin-a5 in BBB maintenance/repair,
OL biology, and ICH outcomes.

Materials and methods

Animals

The Laminin-a5flox/flox mice (a generous gift from Dr.
Jeffrey Miner) were generated in a previous study.23

Olig2-Creþ (Jax: 025567) and Sox10-Creþ (Jax:
025807) mice were obtained from the Jackson
Laboratory. To generate the a5-OKOOlig2 (Laminin-
a5flox/flox;Olig2-Creþ) and a5-OKOSox10 (Laminin-
a5flox/flox;Sox10-Creþ) mice, Laminin-a5flox/flox mice
were crossed with Olig2-Creþ and Sox10-Creþ mice,
respectively. Wildtype littermates were used as controls
for a5-OKOOlig2 and a5-OKOSox10 mice. All mice were
maintained on a C57Bl6 background and housed in the
animal facility of the University of South Florida and
provided with ad libitum access to food and water. In
this study, mice at the age of 4�6months were used.
The experimental protocols and procedures of this
study were approved by the Institutional Animal

Care and Use Committee at the University of South
Florida and were conducted in accordance with the
National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals. We adhered to the
Animal Research: Reporting In Vivo Experiments
(ARRIVE) guidelines for reporting experiments.

Intracerebral hemorrhage (ICH)

Mice of each genotype were randomly divided into
sham and ICH groups. For those in ICH group, ICH
was induced by intracerebral injection of collagenase as
described in our previous publications.15,24 Briefly,
mice were anesthetized using isoflurane (3–4%,
Isoflurane USP, Piramal Pharma Limited, India) and
secured in a stereotaxic apparatus (RWD Life Science
Co., Limited, China). To maintain moisture, artificial
eye ointment (CLC Medica, Ontario, Canada) was
applied to the eyes during surgery. A cranial burr
hole with a diameter of 1mm was drilled at a position
2.4mm lateral and 0.2mm posterior to the bregma.
Next, collagenase (type VII-S; Sigma, St. Louis,
USA; 0.15U in 0.48 ll saline) was injected into the stri-
atum (depth: 3.7mm) using a Hamilton syringe over
5minutes. Following the injection, the needle was left
in place for 10minutes to prevent reflux and then
slowly withdrawn. Mice injected with an equivalent
volume of saline served as sham controls. To prevent
postsurgical dehydration, 0.5ml of normal saline was
administered intraperitoneally.

Body weight loss and behavioral tests

Body weight loss was calculated daily up to 7 days post
injury (dpi). Neurological function was assessed by per-
forming the modified neurological severity score
(mNSS) test,15,24 which scores on six different param-
eters (body symmetry, gait, climbing ability, circling
behavior, front limb symmetry, and compulsory cir-
cling) on a scale of 0 to 4 with a maximum cumulative
score of 24. Higher scores reflect more severe neurolog-
ical deficits. Sensorimotor function was assessed by
performing the corner test as described previously.25

Ten trials were performed for each mouse and the
total number of turns to the ipsilateral side was
counted. Animals with less than 20% or more than
80% ipsilateral turns before injury were excluded.
Data are presented as the percentage of turns to the
ipsilateral side. To ensure unbiased assessments, the
investigators conducting the evaluations were blinded
to the genotypes of the mice.

Sample processing

At different time points after the injury, mice were
transcardially perfused with PBS followed by 4%
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paraformaldehyde (PFA). The brains were then post-
fixed in 4% PFA overnight at 4 �C and immersed in
30% sucrose solution for 24 hours. Next, eight 20 mm-

thick serial sections were collected using a Cryostat
(Micro HM 550, Thermo Scientific). The sections
were stored at �80�C until analyses.

Hematoma volume

The size of hematoma was quantified as hematoma
volume (mm3) and hematoma volume percentage (%)
using serial sections as described previously.26,27

Briefly, brain sections were subjected to cresyl violet
staining and imaged using a Nikon Eclipse Ti micro-
scope. The areas of the contralateral hemisphere (Ci),

ipsilateral hemisphere (Ii), and ipsilateral non-injured
region (Ni) were determined using the Image J software
(NIH). Hematoma volume (mm3) was calculated using
hematoma area and the distance between serial sec-
tions. Hematoma volume (%) was calculated as:

Hematoma volume %ð Þ ¼
P

i
Ii�Ni
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� �
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In situ hybridization (RNAscope)

In situ hybridization was conducted using the
RNAscope multiplex fluorescent reagent kit V2
(Advanced Cell Diagnostics, 323100), according to
the manufacturer’s instructions. Lama5 (494911-C2),
Olig2 (447091-C3), and Sox10 (435931-C3) specific
probes and OpalTM dyes were used to visualize

mRNA expression. Sections were imaged using a
Nikon Eclipse Ti microscope or LSM710 confocal
microscope, and analyzed using NIH ImageJ software.

Immunohistochemistry

Immunohistochemical analyses were performed
according to standard protocols. Briefly, brain sections
were fixed in 4% PFA for 15minutes at room temper-
ature and washed in PBS for 3 times. Next, the sections
were blocked in blocking buffer (5% normal donkey
serum in PBSþ 1% BSAþ 0.3% Triton X-100) for
2 hours at room temperature, followed by incubation

with primary antibodies overnight at 4 �C. The follow-
ing primary antibodies were used in this study: rabbit
anti-Ki67 (1:200, GeneTex: GTX16667), rabbit anti-
Hemoglobin (1:500, Cloud-Clone, PAB409Mu01),
donkey anti-mouse IgG (1:400, Invitrogen A21203),
rabbit anti-ZO-1 (1:400, ThermoFisher 61-7300),

mouse anti-Claudin-5 (1:200, Invitrogen 35-2500),
rabbit anti-Caveolin-1 (1:400, Cell Signaling 323AS),

mouse anti-Olig2 (1:200, Millipore MABN50), goat
anti-PDGFRa (1:400, R&D Systems AF1062), rat
anti-MBP (1:200, Biorad MCA409S), rabbit
anti-MAG (1:300, Cell Signaling, 9043S), mouse anti-
SMI-32 (1:300, BioLegend, 801701), and goat anti-
podocalyxin (1:400, R&D Systems AF1556). After
extensive washes in PBS, the sections were incubated
with appropriate secondary antibodies for 2 hours at
room temperature. Then, the sections were washed in
PBS for 3 times and mounted in Fluoromount-G with
DAPI. For Olig2 staining, the M.O.M.TM Kit (Vector
Laboratories, Inc., FMK-2201) was used. Images were
taken using a Nikon Eclipse Ti microscope or LSM710
confocal microscope. Image processing was performed
using ImageJ and Adobe Photoshop.

Image analyses

Brain angioarchitecture analyses were performed using
the open source “Angiotool” software (National
Cancer Institute, USA) as described previously.28

Briefly, brain sections were subjected to podocalyxin
staining. Vessel length, defined as the sum of
Euclidean distances between the pixels of all vessels;
vessel density, defined as the percentage of area occu-
pied by vessels inside the explant area; and branching
index, defined as the number of vessel junctions per
unit area, were calculated in both cortex and striatum.
Thresholding was applied to remove small particles so
that only actual vessels were quantified. For quantifi-
cations, at least three random fields from each section,
8 serial sections per brain, and 4 mice were used. Data
in a5-OKOOlig2 and a5-OKOSox10 mice were normal-
ized to that in controls.

TJP levels were quantified as TJP coverage and con-
tact over blood vessels. Briefly, brain sections were
subjected to ZO-1/Claudin-5 and podocalyxin staining.
The area and length of ZO-1, Claudin-5, and podoca-
lyxin signals were determined using the Angiotool soft-
ware. ZO-1/Claudin-5 coverage was quantified as the
percentage (%) of ZO-1/Claudin-5-positive area over
podocalyxin-positive vascular area. Similarly, ZO-1/
Claudin-5 contact was quantified as the percentage
(%) of ZO-1/Claudin-5-positive length over
podocalyxin-positive vascular length. Caveolin-1 cover-
age and contact over blood vessels were quantified sim-
ilarly as described above. In addition, caveolin-1
intensity was also determined using ImageJ (NIH).
For BBB permeability assay, the mean fluorescence
intensity and area of hemoglobin and IgG were quanti-
fied. For MBP, MAG, and SMI-32 staining, fluorescent
signal areas were selected by thresholding using ImageJ
(NIH), and mean fluorescence intensity within the
selected areas was quantified. OL number was deter-
mined by counting Olig2þ cells. OL proliferation was
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quantified as the percentage of Olig2þ Ki67þ cells over

total Olig2þ cells. For quantifications, at least two

random fields from each section, 4 serial sections per
brain, and 4–5 animals were used. All analyses were

performed on z-projection images.

Statistical analyses

All statistical analyses were performed using the
GraphPad Prism 9 software. Data were tested for nor-

mality using Shapiro-Wilk test. For normally distribut-

ed measurements, unpaired Student’s t-test was used to

determine statistical significance between two groups,
and one-way analysis of variance (ANOVA) followed

by Tukey post-hoc test was used for three or more

groups. For comparisons involving two variables (dif-
ferent time points and different genotypes), two-way

ANOVA followed by Tukey post-hoc test was per-

formed. For measurements that were not normally

distributed, the non-parametric Mann-Whitney U test
(two groups) and the Kruskal-Wallis test (three or

more groups) were used. Significance was set at

p< 0.05. Data were presented as mean�SD. N repre-
sents number of biological replicates.

Results

Laminin-a5 is ablated in OLs in both a5-OKOOlig2

and a5-OKOSox10 mice

To study the function of OL-derived laminin-a5, we
generated two conditional knockout mouse lines:

a5-OKOOlig2 and a5-OKOSox10. We first validated the

knockout efficiency with in-situ hybridization using
striatal tissues (Figure S1(a)). In control mice, strong

Lama5 expression was detected in Olig2þ (Figure S1

(b)) and Sox10þ (Figure S1(c)) cells, confirming lami-
nin-a5 expression in OL lineage cells. In sharp contrast,

no Olig2þLama5þ and Sox10þLama5þ cells were found

in a5-OKOOlig2 (Figure S1(b)) and a5-OKOSox10

(Figure S1(c)) mice, respectively. These results indicate
that Lama5 is successfully abrogated in OL lineage cells

in a5-OKOOlig2 and a5-OKOSox10 mice.

The a5-OKOOlig2 and a5-OKOSox10 mice are grossly

normal under homeostatic conditions

The a5-OKOOlig2 and a5-OKOSox10 mice were indistin-
guishable from their wildtype littermates and showed

comparable behaviors as the controls. To determine if

loss of laminin-a5 in OLs affects vascular structure in

the brain, we performed angioarchitectural analyses
using podocalyxin staining (Figure 1(a) and (b)).

Comparable vessel length (Figure 1(c)), vessel density

(Figure 1(d)), and branching index (Figure 1(e)) were

found in a5-OKOOlig2, a5-OKOSox10, and control

brains, suggesting that loss of OL-derived laminin-a5
does not affect the structure of cerebral vasculature.

Hematoma volume is not changed in a5-OKOOlig2

and a5-OKOSox10 mice after ICH

We further asked if loss of laminin-a5 in OLs affects

brain injury in an ICH model. Control mice exhibited a

hematoma volume of 13.64� 4.94mm3 at 3 dpi, which

decreased to 5.87� 1.20mm3 at 7 dpi. (Figure 2(a)

and (b)). Similar hematoma size was observed in both

mutant mice after ICH. Specifically, a5-OKOOlig2 mice

displayed a hematoma volume of 13.92� 5.11mm3

and 4.79� 1.86mm3 at 3 dpi and 7 dpi, respectively

(Figure 2(a) and (b)). a5-OKOSox10 mice showed a

hematoma volume of 16.23� 4.94mm3 and 4.70�
1.64mm3 at 3 dpi and 7 dpi, respectively (Figure 2(a)

and (b)). Similarly, quantification of hematoma volume

percentage revealed comparable changes among con-

trol (8.44� 2.83% and 4.83� 0.80% at 3 dpi and

7 dpi, respectively), a5-OKOOlig2 (8.68� 2.38% and

3.94� 1.08% at 3 dpi and 7 dpi, respectively), and a5-
OKOSox10 (9.87� 1.48% and 4.89� 1.88% at 3 dpi and

7 dpi, respectively) mice after ICH (Figure 2(a) and (c)).

These results suggest a minimal role of OL-derived

laminin-a5 in hemorrhagic brain injury.

Neurological function is unaffected in a5-OKOOlig2

and a5-OKOSox10 mice after ICH

Both a5-OKOOlig2 and a5-OKOSox10 mice exhibited

similar body weight loss as the controls after ICH

(Figure 2(d)). To further characterize neurological dys-

function in the mutants, we performed mNSS test.

Control mice showed significantly increased mNSS

scores after ICH (Figure 2(e)), indicating successful

induction of ICH. Like the controls, both mutant

lines demonstrated higher mNSS scores after ICH

(Figure 2(e)). Comparison among genotypes, however,

revealed no statistical significance (Figure 2(e)).

Similarly, increased turns to the ipsilateral side were

observed in control and mutant mice after ICH

(Figure 2(f)), again indicating successful induction of

ICH. Comparison among groups, however, revealed no

statistical significance (Figure 2(f)). These results sug-

gest a negligible role of OL-derived laminin-a5 in neu-

rological function after ICH. Given that sex affects

stroke outcomes,29–31 we further analyzed these results

in male and female mice separately but failed to detect

any sex-specific effects (Figure S2). Together, these

findings highlight a dispensable role of OL-derived

laminin-a5 in ICH outcomes.
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Figure 2. Loss of OL-derived laminin-a5 does not affect ICH outcomes. (a) Representative images of cresyl-violet staining in control,
a5-OKOOlig2, and a5-OKOSox10 brains at 3 dpi and 7 dpi. Red lines indicate hematoma area. (b and c) Quantifications of hematoma
volume in mm3 (b) and % (c) in control, a5-OKOOlig2, and a5-OKOSox10 mice at 3 dpi (n¼ 5–6) and 7 dpi (n¼ 6–8). (d) Quantification
of body weight changes in control, a5-OKOOlig2, and a5-OKOSox10 mice at 1–14 dpi. n¼ 10–26 for 1–7 dpi and n¼ 5 for 14 dpi. (e)
Modified neurological deficit score in control, a5-OKOOlig2, and a5-OKOSox10 mice at 0–14 dpi. n¼ 10–24 for 0–7 dpi and n¼ 5 for
14 dpi and (f) Percentage of ipsilateral turns in control, a5-OKOOlig2, and a5-OKOSox10 mice at 0–14 dpi. n¼ 7–21 for 0–7 dpi and
n¼ 4–5 for 14 dpi. Data are shown as mean� SD.

Figure 1. Loss of OL-derived laminin-a5 does not affect cerebral vasculature under homeostatic conditions. (a) A cartoon indicating
the location where images were taken. Created with BioRender.com. (b) Representative images of podocalyxin staining in control,
a5-OKOOlig2, and a5-OKOSox10 mice under homeostatic conditions. Scale bar: 150 lm. (c–e) Quantifications of vessel length (c),
vessel density (d), and branching index and (e) in control, a5-OKOOlig2, and a5-OKOSox10 mice under homeostatic conditions. n¼ 5.
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BBB permeability is unchanged in a5-OKOOlig2 and

a5-OKOSox10 mice

BBB disruption, a key feature of ICH, correlates with

ICH outcomes.3,6 To determine whether loss of OL-
derived laminin-a5 affects BBB integrity after ICH,

we performed in vivo BBB permeability assay. In
sham-operated animals, no hemoglobin signal was

detected irrespective of the genotype (Figure 3(a) to
(d)). Consistent with this data, negligible levels of

IgG were observed in the control and mutant brains
(Figure 3(e) to (g)), indicating that loss of OL-derived

laminin-a5 does not affect BBB integrity under homeo-
static conditions. After ICH, however, strong hemoglo-

bin (Figure 3(b)) and IgG (Figure 3(e)) signals were
found in control, a5-OKOOlig2, and a5-OKOSox10

brains, indicating successful induction of ICH.
Comparison among genotypes, however, revealed no

statistical significance in hemoglobin/IgG intensity
and area at either 3 dpi or 7 dpi (Figure 3(c), (d), (f)
and (g)). These findings highlight a minimal role of OL-

derived laminin-a5 in BBB regulation after ICH. To
determine any sex-specific effects, we further analyzed

BBB leakage in male and female mice separately.
Comparable hemoglobin and IgG levels were found

among genotypes at each time point in both sexes
(Figure S3). Together, these results suggest a dispens-

able role of OL-derived laminin-a5 in BBB integrity.

Tight junction protein expression is unaffected in

a5-OKOOlig2 and a5-OKOSox10 mice

BBB disruption may be caused by increased paracellu-

lar transport and/or transcellular transport.
Paracellular barrier is maintained by the expression

of tight junction proteins, which seal gaps between
adjacent endothelial cells.32–34 Here, we examined the

expression of claudin-5 and ZO-1, two tight junction
proteins, in the peri-hematoma regions (Figure 4(a)). In

sham-operated animals, control mice and both mutant
lines (a5-OKOOlig2 and a5-OKOSox10) showed compa-

rable claudin-5 coverage and contact (Figure 4(b), (e)
and (f)). Both claudin-5 coverage and contact

decreased substantially in all three genotypes at 3 dpi
(Figure 4(c), (e) and (f)) and recovered by 7 dpi

(Figure 4(d) to (f)), again indicating successful induc-
tion of ICH. Comparison among genotypes, however,

revealed no statistical significance in claudin-5 cover-
age or contact at both time points (Figure 4(e) and (f)).

Similar to claudin-5, ZO-1 coverage and contact dem-
onstrated comparable changes among genotypes both

before and after ICH (Figure S4). These findings sug-
gest that OL-derived laminin-a5 does not regulate tight

junction protein expression or paracellular transport.

Caveolin-1 expression is unchanged in a5-OKOOlig2

and a5-OKOSox10 mice

Transcellular barrier is maintained by low level of
transcytosis in endothelial cells.35–38 Here, we examined
the expression of caveolin-1, a key protein necessary
for transcytosis in brain endothelial cells,39–41 in the
peri-hematoma regions (Figure 5(a)). In sham-
operated animals, control mice and both mutant lines
(a5-OKOOlig2 and a5-OKOSox10) displayed similar
caveolin-1 coverage, contact, and intensity (Figure 5
(b) and 5(e) to (g)). Similarly, comparable caveolin-1
levels were detected in control, a5-OKOOlig2, and
a5-OKOSox10 mice at both 3 dpi and 7 dpi (Figure 5
(c) to (g)). These results suggest that OL-derived lam-
inin-a5 does not regulate caveolin-1 expression or
caveolae-mediated transcytosis.

OL number is unaltered in a5-OKOOlig2 and
a5-OKOSox10 mice

To investigate if loss of OL-derived laminin-a5 changes
their number or proliferation, we performed immuno-
histochemistry against Olig2 and Ki67 (Figure 6(a) to
(d)). Quantification of Olig2þ cells revealed similar
numbers in control, a5-OKOOlig2, and a5-OKOSox10

mice in sham group (Figure 6(b) and (e)). Subsequent
studies showed that the percentages of proliferating
OLs (Olig2þKi67þ cells) remained the same in control,
a5-OKOOlig2, and a5-OKOSox10 mice in sham group
(Figure 6(b) and (f)). These results suggest that
OL-derived laminin-a5 may not regulate their number
and proliferation under homeostatic conditions.
Interestingly, comparable OL numbers and prolifera-
tion rates were observed in control, a5-OKOOlig2, and
a5-OKOSox10 mice at both 3 dpi and 7 dpi (Figure 6(c)
to (f)), highlighting a dispensable role of
OL-derived laminin-a5 in OL number and proliferation
after ICH.

Myelination is unaffected in a5-OKOOlig2 and
a5-OKOSox10 mice

One major function of OLs is myelination, which is
involved in white matter injury/repair. To determine
if loss of OL-derived laminin-a5 affects myelination,
we analyzed the expression of myelin basic protein
(MBP) and myelin-associated glycoprotein (MAG),
two major myelin components, along with SMI-32, a
marker for demyelinated/damaged axons,9,42 in the
peri-hematoma regions (Figure 7(a)). Compared to
the controls, neither a5-OKOOlig2 nor a5-OKOSox10

mice showed significant changes in MBP and MAG
expression under homeostatic conditions (Figure 7(b),
(e) and (f)). No SMI-32 signal was detected in
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Figure 3. Loss of OL-derived laminin-a5 does not affect BBB permeability. (a) A cartoon indicating the location where images were
taken. Created with BioRender.com. (b) Representative images of hemoglobin (red) and DAPI (blue) staining in control, a5-OKOOlig2,
and a5-OKOSox10 mice from sham, 3 dpi, and 7 dpi groups. Scale bar: 150lm. (c and d) Quantifications of hemoglobin intensity (c) and
area (d) from sham, 3 dpi, and 7 dpi groups. n¼ 4–5. (e) Representative images of IgG (magenta) and DAPI (blue) staining in control,
a5-OKOOlig2, and a5-OKOSox10 mice from sham, 3 dpi, and 7 dpi groups. Scale bar: 150 lm. (f and g) Quantifications of IgG intensity (f)
and area and (g) from sham, 3 dpi, and 7 dpi groups. n¼ 4–5. Data are shown as mean� SD.
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control or mutant brains under homeostatic conditions
(Figure 7(b) and (g)). These results suggest a dispens-
able role of OL-derived laminin-a5 in myelination
under homeostatic conditions.

To investigate if OL-derived laminin-a5 participates
in white matter injury/repair after ICH,9,10 we further
examined MBP, MAG, and SMI-32 expression in
a5-OKOOlig2 and a5-OKOSox10 mice after ICH.
Compared to the sham groups, MBP and MAG
levels were substantially reduced, while SMI-32 expres-
sion was significantly increased after ICH in all geno-
types (Figure 7(b) to (g)), again indicating successful
induction of ICH. Interestingly, comparisons among
genotypes revealed similar MBP, MAG, and SMI-32
levels at both 3 dpi and 7 dpi (Figure 7(e) to (g)).
These findings indicate a dispensable role of OL-
derived laminin-a5 in myelination or white matter
repair after ICH.

Discussion

In this study, we investigated the function of OL-

derived laminin-a5 under homeostatic and ICH condi-

tions. First, we confirmed that OL lineage cells express

Lama5 at mRNA level. This is consistent with a previ-

ous report showing laminin-a5 expression in pre-OLs.22

By ablating laminin-a5 expression in OLs using two dif-

ferent Cre lines (Olig2-Cre and Sox10-Cre), we further

showed dispensable roles of OL-derived laminin-a5 in

brain homeostasis and ICH pathogenesis.
One likely reason for the negative results is that loss

of OL-derived laminin-a5 may be compensated by

other laminin isoforms synthesized by OLs. There is

evidence showing that OLs express various laminin

subunits, including laminin-a4 and -a5, at both

mRNA and protein levels.19–22 It is possible that loss

of OL-derived laminin-a5 is compensated by

Figure 4. Loss of OL-derived laminin-a5 does not affect claudin-5 expression. (a) A cartoon indicating the location where images
were taken. Created with BioRender.com. (b-d) Representative images of claudin-5 (green) and podocalyxin (red) staining in control,
a5-OKOOlig2, and a5-OKOSox10 mice from sham (b), 3 dpi (c), and 7 dpi (d) groups. Scale bar: 50lm. (e and f) Quantifications of
claudin-5 coverage (e) and contact (f) in control, a5-OKOOlig2, and a5-OKOSox10 from sham, 3 dpi, and 7 dpi groups. n¼ 4–5. Data are
shown as mean� SD.
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OL-derived laminin-a4. The compensation between

laminin-a4 and -a5 has also been found in endothelial

cells and mural cells. Specifically, abrogation of endo-

thelial laminin-a5 fails to affect BBB integrity or induce

gross abnormalities15 and laminin-a4 null mice are

grossly normal in adulthood,43 whereas loss of lami-

nin-c1, which ablates laminin-a4 and -a5 simultaneous-

ly, in endothelial cells leads to BBB disruption

(unpublished data). Similarly, mice with laminin-a5
deficiency in mural cells are grossly normal and fail

to show obvious defects.16 However, mice with lami-

nin-c1 deficiency in mural cells, which lack both lami-

nin-a4 and -a5,13 develop age-dependent BBB

breakdown under homeostatic conditions13 and exhibit

aggravated brain injury in an ICH model.44 Consistent

with these findings, our unpublished data demonstrat-

ed that deletion of laminin-c1 in OLs led to BBB com-

promise, abnormal proliferation and differentiation of

OLs, and myelination deficits.

Another possibility is that other cell-derived lami-

nin-a5 may compensate for the loss of OL-derived lam-

inin-a5. Recent single-cell RNAseq studies revealed

strong Lama5 expression in endothelial cells, mural

cells, and possibly neurons.19–21 Consistent with these

reports, we and others have shown that endothelial

cells,15 pericytes,13 and neurons45 are all able to synthe-

size laminin-a5 at the protein level. These a5-contain-
ing laminin isoforms may take over the function of OL-

derived laminin-a5 upon its deletion. Similar compen-

sation has also been observed between endothelial and

mural cells. Mice with laminin-a5 deficiency in endo-

thelial cells15 or mural cells16 have intact BBB integrity,

whereas deletion of laminin-a5 in endothelial and

mural cells simultaneously leads to BBB disruption

(unpublished data). Future studies should dissect out

the potential compensation among different laminin

isoforms, which will enable a thorough understanding

of laminin’s functions.

Figure 5. Loss of OL-derived laminin-a5 does not affect caveolin-1 expression. (a) A cartoon indicating the location where images
were taken. Created with BioRender.com. (b-d) Representative images of caveolin-1 (green) and podocalyxin (red) staining in control,
a5-OKOOlig2, and a5-OKOSox10 mice from sham (b), 3 dpi (c), and 7 dpi (d) groups. Scale bar: 50lm. (e-g) Quantifications of caveolin-
1 coverage (e), contact (f), and intensity (g) in control, a5-OKOOlig2, and a5-OKOSox10 from sham, 3 dpi, and 7 dpi groups. n¼ 4–5.
Data are shown as mean� SD.
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In this study, both Olig2-Cre and Sox10-Cre lines

were used to ablate laminin-a5 expression in OLs.

The reason is that, although both Olig2 and Sox10

are used as OL lineage cell markers, neither is specific

for OLs.46 For example, Olig2-Cre also marks some

motor neurons47 and astrocyte precursors,48 in addi-

tion to OL lineage cells.49–51 Although Sox10-Cre spe-

cifically labels OL lineage cells in the CNS,19,52,53 it also

targets other cells in the peripheral, such as Schwann

cells.54,55 Including two conditional knockout mouse

lines would allow us to truly investigate the function

of OL-derived laminin-a5, since these mutants may

share common phenotypes if they are caused by the

loss of OL-derived laminin-a5. Surprisingly, these

knockout mice and the controls exhibited comparable

changes under both physiological and ICH conditions,

indicating that OL-derived laminin-a5 is likely dispens-

able for brain homeostasis and ICH pathogenesis.

One limitation of this study is that only two behav-

ioral tests (neurological severity score and corner test)

were performed. It is possible that more sensitive tests,

such as adhesive removal test and foot fault test, may

reveal behavioral defects in the mutants. These experi-

ments will be conducted in future studies. Another lim-

itation of this study is that the specific laminin isoforms

ablated in OLs of the mutants have not been identified.

Given that many laminin-b and -c subunits that can

form a trimer with laminin-a5 are expressed in

OLs,19–22 we speculate that multiple a5-containing lam-

inin isoforms are deleted in the mutant mice.

Identifying these laminin isoforms would enrich our

knowledge on laminin compensation. Next, BBB per-

meability was mainly assessed using endogenous trac-

ers by immunohistochemistry. Measuring the leakage

of exogenous tracers in brain lysate will provide more

precise quantification of BBB permeability.

Figure 6. Loss of OL-derived laminin-a5 does not affect OL number and proliferation. (a) A cartoon indicating the location where
images were taken. Created with BioRender.com. (b-d) Representative images of Olig2 (green) and Ki67 (red) staining in control,
a5-OKOOlig2, and a5-OKOSox10 mice from sham (b), 3 dpi (c), and 7 dpi (d) groups. Scale bar: 50lm. (e) Quantification of the number
of OLs (in 20x images) in control, a5-OKOOlig2, and a5-OKOSox10 from sham, 3 dpi, and 7 dpi groups. n¼ 4–5. Data are shown as
mean� SD and (f) Quantification of the percentage of proliferating OLs in control, a5-OKOOlig2, and a5-OKOSox10 from sham, 3 dpi,
and 7 dpi groups. n¼ 4–6. Data are shown as mean� SD.
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Figure 7. Loss of OL-derived laminin-a5 does not affect myelination and white matter injury/repair. (a) A cartoon indicating the
regions of interest where the analyses were done. Created with BioRender.com. (b-d) Representative images of MBP (green), MAG
(red), and SMI-32 (magenta) staining in control, a5-OKOOlig2, and a5-OKOSox10 mice in sham (b), 3 dpi (c), and 7 dpi (d). Scale bar:
150lm. (e–g) Quantifications of the intensities of MBP (e), MAG (f), and SMI-32 (g) in control, a5-OKOOlig2, and a5-OKOSox10 in
sham, 3 dpi, and 7 dpi groups. n¼ 4–9. Data are shown as mean� SD.
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In addition, no in vitro experiments were performed in

this study. We will validate major findings using in

vitro culture system in the future.
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