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The Extracellular Matrix Protein Laminin �2 Regulates the
Maturation and Function of the Blood–Brain Barrier
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Laminins are major constituents of the gliovascular basal lamina of the blood– brain barrier (BBB); however, the role of laminins
in BBB development remains unclear. Here we report that Lama2 �/� mice, lacking expression of the laminin �2 subunit of the
laminin-211 heterotrimer expressed by astrocytes and pericytes, have a defective BBB in which systemically circulated tracer leaks
into the brain parenchyma. The Lama2 �/� vascular endothelium had significant abnormalities, including altered integrity and
composition of the endothelial basal lamina, inappropriate expression of embryonic vascular endothelial protein MECA32, sub-
stantially reduced pericyte coverage, and tight junction abnormalities. Additionally, astrocytic endfeet were hypertrophic and
lacked appropriately polarized aquaporin4 channels. Laminin-211 appears to mediate these effects at least in part by dystroglycan
receptor interactions, as preventing dystroglycan expression in neural cells led to a similar set of BBB abnormalities and gliovas-
cular disturbances, which additionally included perturbed vascular endothelial glucose transporter-1 localization. These findings
provide insight into the cell and molecular changes that occur in congenital muscular dystrophies caused by Lama2 mutations or
inappropriate dystroglycan post-translational modifications, which have accompanying brain abnormalities, including seizures.
Our results indicate a novel role for laminin– dystroglycan interactions in the cooperative integration of astrocytes, endothelial
cells, and pericytes in regulating the BBB.
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Introduction
The blood– brain barrier (BBB) is comprised of physical barriers
and transport mechanisms that critically regulate CNS homeo-
stasis (Abbott et al., 2010). Brain endothelial cells (BECs), to-
gether with astrocytes, pericytes, and vascular smooth muscle
cells (VSMCs), comprise the gliovascular unit. Complex cellular
interactions within the gliovascular unit regulate the develop-
ment of unique BEC properties, including specialized tight
junctions, suppressed vesicular transport, and barrier-specific
transport proteins (Reese and Karnovsky, 1967; Girardin, 2006;
Armulik et al., 2010; Daneman et al., 2010b). In addition to cell–
cell interactions, cell– extracellular matrix (ECM) interactions
are also proposed to regulate BBB properties, as an extensive
ECM network resides between perivascular astrocytic endfeet
and BECs. This gliovascular basal lamina (BL) exists either as two
distinct BLs, an astrocyte-produced parenchymal BL and a BEC-
produced endothelial BL, or, as a fusion of the two BLs, creating

a composite BL (Sixt et al., 2001). Pericytes, which also critically
regulate barrier properties, reside within this composite gliovas-
cular BL, having an interface with both astrocytes and BECs (Del
Zoppo et al., 2006; Armulik et al., 2010; Daneman et al., 2010b).
Although the gliovascular BL comprises a key “outer barrier” of
the mature BBB, the role of specific cell–ECM interactions in the
maturation and function of the BBB remains unclear.

The laminins are major components of the gliovascular BL,
serving as ligands for receptors, such as integrins (Sixt et al., 2001;
Del Zoppo and Milner, 2006; Abraham et al., 2008) and dystro-
glycan (Moore et al., 2002). Laminins are heterotrimers, with
each laminin having a designation reflecting its subunit compo-
sition (e.g., laminini-111 is composed of laminin �1, �1, and �1
subunits) (Colognato and Yurchenco, 2000; Miner and Yurch-
enco, 2004). Individual laminins are distributed differentially
throughout the composite gliovascular BL, with the parenchymal
BL containing laminins-111 and -211 produced by astrocytes,
and the endothelial BL containing laminins-411 and -511 pro-
duced by endothelial cells (Sixt et al., 2001). Laminins-211, -411,
and -511 are similar to laminin-111 but, in place of �1, contain
�2, �4, or �5, respectively. Endothelial laminins are essential for
brain vascular development, as mice that lack laminin �4 have
vascular BL defects, vessel dilation, and decreased vessel integ-
rity (Thyboll et al., 2002). Interestingly, laminin �4-deficient
mice upregulate laminin �5, which inhibits T-cell extravasa-
tion across the BBB during brain inflammation, thus provid-
ing resistance to experimental allergenic encephalomyelitis
(Wu et al., 2009).
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In contrast to endothelial laminins, the roles of astrocytic
laminins are less clear. Initially, ultrastructural analysis in dy/dy
mice (in which laminin �2 is deficient but not absent) revealed no
obvious defects (Jucker et al., 1996). However, mutations in
Lama2, which encodes laminin �2, or in genes that encode en-
zymes needed for dystroglycan post-translational modifications,
cause congenital muscular dystrophies with accompanying brain
abnormalities, including seizures, perturbed cortical develop-
ment, and MRI white matter hypointensities (Miyagoe-Suzuki et
al., 2000; Allamand and Guicheney, 2002; Moore et al., 2002;
Buteică et al., 2008; Yoshioka et al., 2008; Fujii et al., 2011), with
MRI abnormalities hypothesized to reflect, at least in part, BBB
defects (Caro et al., 1999). Recently, mice that lack laminin �1
expression selectively (removing laminins-111 and -211) in as-
trocytes were reported to have impaired VSMC function and
hemorrhagic stroke (Chen et al., 2013). However, the best under-
stood role for astrocytic laminins at the gliovascular interface is as
a ligand for dystroglycan, a component of the dystrophin– glyco-
protein complex (DGC) localized at perivascular astrocytic end-
feet (Zaccaria et al., 2001; Del Zoppo and Milner, 2006).
Disruption of components of the DGC (e.g., �-dystrobrevin or
dystrophin) results in altered AQP4 distribution at glial endfeet
and increased vascular permeability (Nico et al., 2004; Lien et al.,
2012). And, in cultured astrocytes, laminin binding to dystrogly-
can facilitates AQP4 polarization (Blake et al., 1999; Zaccaria et
al., 2001; Rurak et al., 2007; Noël et al., 2009). In addition, peri-
cytes themselves reportedly express laminin �2 (Armulik et al.,
2010). Intriguingly, in mice with an engineered pericyte defi-
ciency, areas of the vasculature devoid of pericyte coverage coin-
cide with laminin �2 loss at astrocyte endfeet, suggesting that
�2-containing laminins may also regulate pericyte– gliovascular
interactions (Armulik et al., 2010).

To gain insight into how ECM interactions at the gliovascular
interface contribute to BBB development, we: (1) inactivated the
Lama2 gene to selectively eliminate laminin-211 from all cells of
the developing brain and (2) inactivated the DAG1 gene that
encodes dystroglycan in neural lineage cells. We identified
laminin-211 and dystroglycan as novel regulators of the selective
permeability of the BBB, both contributing to the acquisition of
cerebrovascular pericyte coverage in the developing brain and
multiple aspects of gliovascular cell– cell and cell-ECM interac-
tions, including glial endfeet architecture. Our findings suggest
that laminin– dystroglycan interactions at the gliovascular inter-
face regulate the maturation and function of the BBB and that
BBB dysregulation may contribute to CNS abnormalities ob-
served in CMD.

Materials and Methods
Mice. Laminin �2 subunit-null mice (Lama2 �/�) were generated by
breeding Lama2 heterozygous pairs as described previously (Miyagoe et
al., 1997; Relucio et al., 2012). Genotyping of Lama2 mutants was per-
formed on tail DNA to detect both the Lama2 wild-type (WT) allele
(5�-CCAGATTGCCTACGTAATTG-3� and 5-CCTCTCCATTTTCTA
AAG-3�) and the Lama2 null allele (5�-CTTTCAGATTGCAAGC-3� and
5�-TCGTTTGTTCGGATCCGTCG-3�). Homozygous and heterozy-
gous WT littermates of either sex served as age-matched controls to
homozygous null Lama2 mutants. The adhesion receptor DAG was re-
moved from neural stem cells by crossing mice heterozygous for DAG1
lox/lox mice and nestin-cre. Nestin-cre mice and DAG1 loxP/loxP mice
were described previously (Tronche et al., 1999; Moore et al., 2002).
Genotyping was performed on tail DNA to detect DAG1 loxP and nestin-
cre alleles. The primers used to detect the dystroglycan loxP allele were as
follows: 5�-GGAGAGGATCAATCATGG-3� and 5�-CAACTGCTG-
CATCTCTAC-3�. The primers used to detect nestin-cre alleles were as

follows: 5�-GACGGAAATCCATCGCTCACCAG-3� and 5�-GACAT
GTTCAGGGATCGCCAGGCG-3�. DAG1 conditional knock-outs were
homozygous DAG1 loxP and positive for nestin-cre. Nestin-cre-negative
littermates were used as age-matched controls. Mice of either sex were
used in experimental and control conditions. All experimental proce-
dures were performed in compliance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by
the State University of New York at Stony Brook University Institutional
Animal Care and Use Committee.

Antibodies. The following rabbit polyclonal IgG antibodies were used:
�-smooth muscle actin (�-SMA) (Abcam); AQP4 (Millipore); CD31
(i.e., PECAM-1) (Abcam); Collagen IV (Sigma); GFAP (DAKO); glucose
transporter-1 (Glut-1; Millipore); Iba-1 (Wako); laminin-1 (Sigma); and
VE-Cadherin (Abcam). Antibodies against laminin �4-subunit (clone
377b) and laminin �5-subunit (clone 504) were kindly provided by Dr. L.
Sorokin (Institute of Physiological Chemistry and Pathobiochemistry;
Münster University). The following rat monoclonal IgG antibodies were
used: CD45 (BD Biosciences PharMingen); �1-Integrin (Millipore);
laminin �2-subunit (clone 4H82, Sigma); laminin �1-subunit (clone A5,
Millipore); laminin �1-subunit (MAB1905, Chemicon) MECA32, also
called plasmalemma vesicle-associated protein (BD Biosciences
PharMingen and Abcam). The Armenian hamster polyclonal IgG anti-
body against CD3� was kindly provided by Dr. Nicholas Carpino (De-
partment of Molecular Genetics and Microbiology, Stony Brook
University). The following mouse monoclonal IgG antibodies were used:
�-actin (Sigma), �-DAG (Abcam), GFAP (Sigma), and p115 (BD Bio-
sciences). The following additional antibodies were used: chicken anti-
cow GFAP polyclonal IgY (Abcam) and goat anti-mouse CD140b (i.e.,
PDGFR-� polyclonal IgG) (Neuromics). The following monoclonal
blocking antibodies were used: IIH6 (i.e., �-dystroglycan) (mouse, Mil-
lipore) and Ha2/5 (i.e., �1-Integrin) (hamster, BD Biosciences PharMin-
gen). The following IgG control antigens were used: mouse (� isotype,
BioLegend) and hamster (�1 isotype, BD Biosciences PharMingen).

Fluorescent immunohistochemistry using frozen sections. Cerebral cor-
tices from WT, DAG1 CKO, or Lama2 �/� littermates at postnatal days 1
and 8 were frozen and embedded in TissueTek OCT. Mice at postnatal
day 15 and beyond were anesthetized with Avertin and perfused with
saline to remove residual blood from the cerebral vasculature. Frozen
tissues were cryosectioned to a thickness of 20 –35 �m. Sections were
fixed in acetone for 10 min at �20°C and then washed with PBS. Sections
were blocked for 1 h in PBS containing 10% donkey serum and then
incubated overnight with primary antibodies in block at 4°C. Sections
were then washed with PBS, followed by incubation for 1 h at room
temperature with either Cy3- or dylight488-conjugated secondary anti-
bodies in blocking solution. Sections were then washed with PBS and
counterstained with 10 �g/ml DAPI in PBS and mounted using Slow-
Fade Gold.

Fluorescent immunohistochemistry using PFA-fixed sections. Cerebral
cortices from WT, DAG1 CKO, or Lama2 �/� littermates at postnatal
days 1 and 8 were fixed with 4% PFA by submersion for 16 –24 h. Mice
postnatal day 15 and beyond were anesthetized and perfused intracardi-
ally with saline, followed by filtered 4% PFA. Brains were removed and
postfixed for 2 h in 4% PFA, washed with PBS, then equilibrated in a
gradient of 20% followed by 30% sucrose at 4°C. Brains were frozen in
TissueTek OCT using a liquid nitrogen bath, and coronal cryostat sec-
tions of 20 –35 �m were prepared. Sections were blocked in 10% donkey
serum with 0.2%– 0.5% Triton X-100 for 1 h before incubating overnight
with primary antibodies at 4°C. Sections were then washed and incubated
with either Cy3- or Dylight488-conjugated secondary antibodies in
blocking solution for 1 h, followed by DAPI counterstain, and mounted
with SlowFade Gold. To evaluate Glut-1 immunoreactivity, postnatal
day 21 sections were postfixed with 2:1 ethanol acetic acid for 20 min at
�20°C before immunostaining as described. Evaluation of the vascula-
ture (CD31) and gliovascular interface (GFAP and AQP4) was per-
formed with sections heated in Antigen Retrieval Solution, pH 6 (Dako)
for 30 min, followed by PBS washes before blocking.

Analysis of astrocyte development. Immunohistochemistry with GFAP
was performed to quantify astrocytes within the cortex of Lama2 �/�

mice and WT littermates. PFA-fixed coronal sections were pretreated in
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PBS for 10 min at room temperature before heating at 95°–99°C for 25
min in 1� Target Retrieval Solution citrate buffer, pH 6.0 (Dako). Sec-
tions were then cooled at room temperature for 15 min. Before blocking
with 10% donkey serum with 0.5% Triton X-100 for 1 h, sections were
washed with PBS to remove residual antigen retrieval solution. Immu-
nohistochemistry for GFAP was performed overnight at 4°C. After pri-
mary antibody incubation, slides were washed with PBS and then
incubated with Dy-Light 488 secondary antibodies for 1 h, before coun-
terstaining with DAPI and mounting with SlowFade Gold. Sections were
imaged using a Zeiss 200M epifluorescence microscope or Zeiss 510 Meta
confocal microscope. GFAP � cell bodies within the cortex were quanti-
fied in matching sections of WT and Lama2 �/� using Axiovision Rel. 4.8
software (Zeiss). Number of GFAP � cells per field and area of GFAP
immunoreactivity per field in the cortex were analyzed on a minimum of
three matched sections; five images per ROI were acquired for each
Lama2 �/� and WT pair (n � 3). Equal intensity thresholding was ap-
plied to maximum image projections in each region for mutants and WT
controls to obtain area of GFAP coverage. Area of total GFAP immuno-
reactivity coverage was then normalized to total GFAP � cells per field of
view. Protein levels of GFAP were quantified using whole-cortex lysates
obtained from Lama2 �/� and WT littermate controls at postnatal
day 21.

Analysis of gross vascular morphology. Blood vessels were visualized by
using collagen IV immunohistochemistry and imaged using an LSM
Meta 510 microscope (Carl Zeiss). For analysis of vascular density and
complexity, five corresponding areas in three pairs of Lama2 �/� and WT
mice were analyzed at postnatal day 21. Blood vessel area was quantified
in maximum image projections and normalized to the total vessel length
per field. Vascular complexity was quantified by counting the number of
branch points along each vessel per field. The number of branch points
was standardized to 100 �m segments of the vasculature.

Analysis of �-SMA vascular coverage. To quantify the degree of �-SMA
coverage along vSMCs, we used �-SMA immunohistochemistry in com-
bination with pan-laminin immunohistochemistry, to visualize vSMCs
and vascular BL, respectively. Frozen cortical sections (25 �m) of WT
and Lama2 �/� mice at postnatal days 21–22 were fixed in acetone at
�20°C for 10 min followed by several washes with PBS. Sections were
then blocked with 10% donkey serum with 0.2% Triton X-100 at room
temperature for 1 h. Primary antibody incubation was performed at 4°C
overnight. Area of �-SMA immunoreactivity relative to the total area of
vascular pan-laminin immunoreactivity per field in the cortex and stria-
tum was analyzed on a minimum of three matched sections; five images
per ROI were acquired for each Lama2 �/� and WT pair (n � 3). Equal
intensity thresholding was applied to maximum image projections in
each region for mutants and WT controls to obtain area of �-SMA cov-
erage. Intensity thresholding of pan-Laminin immunoreactivity was ad-
justed appropriately to reflect total vascular coverage per field. Area of
total �-SMA immunoreactivity coverage was then normalized to total
vascular coverage per field of view.

Analysis of Glut-1 vascular coverage. To quantify the degree of Glut-1
coverage along the vasculature, we used Glut-1 immunohistochemistry
in combination with pan-Laminin immunohistochemistry, to visualize
Glut-1 transporters and blood vessels, respectively. Frozen cortical sec-
tions (25 �m) of WT and Lama2 �/� or DAG1 CKO mice at postnatal
days 21–22 were fixed in acetone at �20°C for 10 min followed by several
washes with PBS. Sections were then blocked with 10% donkey serum at
room temperature for 1 h. Primary antibody incubation was performed
at 4°C overnight. Area of Glut-1 immunoreactivity relative to the total
area of vascular pan-Laminin immunoreactivity per field in the cortex
was analyzed on a minimum of three matched sections; five images per
ROI were acquired for each Lama2 �/� or DAG1 CKO and WT pair (n �
3). Equal intensity thresholding was applied to maximum image projec-
tions in each region for mutants and WT controls to obtain area of Glut-1
coverage. Intensity thresholding of pan-Laminin immunoreactivity was
adjusted appropriately to reflect total vascular coverage per field. Area of
total Glut-1 immunoreactivity coverage was then normalized to total
vascular coverage per field of view.

Analysis of MECA32 vascular coverage. To quantify the degree of
MECA32 coverage along the vasculature, we used MECA32 immunohis-

tochemistry in combination with pan-Laminin immunohistochemistry
to visualize MECA32 expression and blood vessels, respectively. Frozen
cortical sections (25 �m) of WT and Lama2 �/� mice at postnatal days
21–22 were fixed in acetone at �20°C for 10 min followed by several
washes with PBS. Sections were then blocked with 10% donkey serum
with 0.5% Triton X-100 at room temperature for 1 h. Primary antibody
incubation was performed at 4°C overnight. Area of MECA32 immuno-
reactivity relative to the total area of vascular pan-Laminin immunore-
activity per field in the cortex, striatum, and hippocampus was analyzed
on a minimum of three matched sections; five images per were acquired
for each Lama2 �/� and WT pair (n � 3). MECA32 immunoreactivity
was confirmed in both Lama2 �/� and WT mice by acquiring a represen-
tative field from the circumventricular region of the brainstem that ex-
presses MECA32. Equal intensity thresholding was applied to maximum
image projections in each region for mutants and WT controls to obtain
area of MECA32 coverage. Intensity thresholding of pan-laminin immu-
noreactivity was adjusted appropriately to reflect total vascular coverage
per field. Area of total MECA32 immunoreactivity coverage was then
normalized to total vascular coverage per field of view.

BBB permeability assay. Postnatal day 21 mice were either injected with
0.2 �m filtered 2% Evans blue in saline (150 �l/10 g of body weight)
intraperitoneally or anesthetized and perfused with Evans blue intracar-
dially. After an acute 30 min dye circulation, mice were anesthetized and
perfused with 150 �l of saline. To verify systemic dye distribution, kidney
tissue was analyzed to confirm successful circulation. Analysis of cortical
extravasation of Evans blue was performed by dissecting and weighing
cerebral cortices following dye circulation and snap freezing cortices in
liquid nitrogen, storing samples at �80°C. Evans blue dye extraction for
all samples was processed in parallel, performed by immersing cortices
(n � 4) in 500 �l of formamide in a shaking heat block at 65°C for 24 h.
Samples were centrifuged at 13,200 RPM for 30 min, and the supernatant
was removed for analysis. Absorbance at 620 nm was measured using
a florescent plate reader. Visualization of dye extravasation in cere-
bral cortices and cerebella of fresh tissue was obtained by mounting
dried tissue with DAPI Fluromount (Southern Biotechnology) and
imaging immediately using an inverted Zeiss Axioplan epifluores-
cence microscope.

Brain water content. Mice �3 weeks of age were killed, and their brains
were rapidly dissected. Isolated cerebral cortices were weighed to obtain
wet mass and then snap frozen in liquid nitrogen and stored. A total of
n � 9 mice were processed concurrently in a vacuum oven (Savant Speed
Vac SC110) for 16 h at �1000 mbar (Savant VP Two Stage Vacuum
Pump) to completely desiccate cortices. The percentage of brain water
content was calculated as follows: (wet mass � dry mass) � 100/(wet
mass).

Analysis of Iba-1 positive microglia. Immunohistochemistry with
monocyte-specific antigens was performed to quantify microglia within
the striatum of Lama2 �/� mice and WT littermates. PFA-fixed coronal
sections were pretreated in PBS for 10 min at room temperature before
heating at 95°C–99°C for 25 min in 1� Target Retrieval Solution citrate
buffer, pH 6.0 (Dako). Sections were then cooled at room temperature
for 15 min. Before blocking with 10% donkey serum with 0.5% Triton
X-100 for 1 h, sections were washed with PBS to remove residual antigen
retrieval solution. Immunohistochemistry for Iba-1, a calcium binding
protein found in microglia, was performed overnight at 4°C. After pri-
mary antibody incubation, slides were washed with PBS and then incu-
bated with Dy-Light 488 secondary antibodies for 1 h, before
counterstaining with DAPI and mounting with SlowFade Gold. Sections
were imaged using a Zeiss 200M epiflurescence microscope or Zeiss 510
Meta confocal microscope. Iba-1 � cells within the striatum were quan-
tified in matching sections of WT and Lama2 �/� using Axiovision Rel.
4.8 software (Carl Zeiss). The number of Iba-1 � cells per field in the
striatum were analyzed on a minimum of three matched sections; five
images per ROI were acquired for each Lama2 �/� and WT pair. Quali-
tative analysis of Iba-1 � cells was determined by morphological charac-
teristics of cell bodies and retracted processes consistent with activated
microglial phenotypes.

Analysis of �-dystroglycan immunoreactivity on astrocytic endfeet. To
quantify the relationship between laminin �2 and the attachment of
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astrocytic endfeet via �-dystroglycan, we used �-dystroglycan immuno-
histochemistry in combination with GFAP immunohistochemistry.
GFAP endfeet making contact with �-dystroglycan � vessels, extending
back to an astrocyte cell body, were counted as �-dystroglycan � astro-
cytes, whereas GFAP processes that extended from an astrocyte cell body
but not in contact a �-dystroglycan-immunoreactive vessel were counted
as �-dystroglycan �. Data were obtained from a minimum of three
matched sections; three images (20� magnification) per ROI were ac-
quired for each Lama2 �/� and WT pair (n � 3).

Analysis of �1-integrin vascular coverage. To quantify the degree of
�1-integrin coverage along the vasculature, we used �1-integrin immu-
nohistochemistry in combination with collagen IV immunohistochem-
istry, to visualize the adhesion receptor �1-integrin and blood vessels,
respectively. Frozen cortical sections (25 �m) of WT and Lama2 �/� or
DAG1 CKO mice at postnatal days 21–22 were fixed in acetone at �20°C
for 10 min followed by several washes with PBS. Sections were then
blocked with 10% donkey serum with 0.5% Triton X-100 at room tem-
perature for 1 h. Primary antibody incubation was performed at 4°C
overnight. Area of �1-integrin immunoreactivity relative to the total area
of vascular collagen IV immunoreactivity per field in the cortex was
analyzed on a minimum of three matched sections; five images were
acquired for each Lama2 �/� and WT pair (n � 3). Equal intensity
thresholding was applied to maximum image projections in each region
for mutants and WT controls to obtain area of �1-integrin coverage.
Intensity thresholding of collagen IV immunoreactivity was adjusted ap-
propriately to reflect total vascular coverage per field. Area of total �1-
integrin immunoreactivity coverage was then normalized to total
vascular coverage per field of view.

Analysis of AQP4 clusters along astrocytic endfeet. To quantify the de-
gree of AQP4 coverage along astrocytic endfeet, we used AQP4 immu-
nohistochemistry in combination with GFAP immunohistochemistry, to
visualize the osmotic regulatory channel AQP4 and astrocyte endfeet,
respectively. PFA-fixed coronal sections were pretreated in PBS for 10
min at room temperature before heating at 95°C–99°C for 25 min in 1�
Target Retrieval Solution citrate buffer, pH 6.0 (Dako). Sections were
then cooled at room temperature for 15 min. Before blocking with 10%
donkey serum with 0.5% Triton X-100 for 1 h, sections were washed with
PBS to remove residual antigen retrieval solution. Sections were then
blocked with 10% donkey serum with 0.5% Triton X-100 at room tem-
perature for 1 h. Primary antibody incubation was performed at 4°C
overnight. Area of AQP4 immunoreactivity relative to the total length
vessel length, ensheathed by circumferential astrocytic endfeet per field
in the cortex, were analyzed on a minimum of three matched sections;
five images per ROI were acquired for each Lama2 �/� or DAG1 CKO
and WT pair (n � 3). Equal intensity thresholding was applied to maxi-
mum image projections in each region for mutants and WT controls to
obtain area of AQP4 coverage. The total vessel length per field in each
region for mutants and WT controls was calculated; area of total AQP4
immunoreactivity coverage was then normalized to total vascular length
per field of view.

Analysis of pericyte vascular coverage. To quantify the degree of pericyte
coverage along the vasculature, we used PDGFR-� immunohistochem-
istry in combination with collagen IV immunohistochemistry, to visual-
ize pericytes and blood vessels, respectively. Frozen cortical sections (25
�m) of WT and Lama2 �/� mice at postnatal days 21–22 were fixed in
acetone at �20°C for 10 min followed by several washes with PBS. Sec-
tions were then blocked with 10% donkey serum with 0.5% Triton X-100
at room temperature for 1 h. Primary antibody incubation was per-
formed at 4°C overnight. Area of PDGFR-� immunoreactivity relative to
the total area of vascular collagen IV immunoreactivity per field in the
frontal cortex, striatum, and hippocampus was analyzed on a mini-
mum of three matched sections; five images per ROI were acquired
for each Lama2 �/� and WT pair. Equal intensity thresholding was
applied to maximum image projections in each region for mutants
and WT controls to obtain area of PDGFR-� coverage. Intensity
thresholding of collagen IV immunoreactivity was adjusted appropri-
ately to reflect total vascular coverage per field. Area of total
PDGFR-� immunoreactivity coverage was then normalized to total
vascular coverage per field of view.

Analysis of laminin vascular coverage. To quantify the specific endothe-
lial laminin chain coverage along the vasculature, we used laminin �4,
�5, and �1 immunohistochemistry. Frozen cortical sections (25 �m) of
WT and Lama2 �/� mice at postnatal days 21–22 were fixed in acetone at
�20°C for 10 min followed by several washes with PBS. Sections were
then blocked with 10% donkey serum with 0.5% Triton X-100 at room
temperature for 1 h. Primary antibody incubation was performed at 4°C
overnight. Area of laminin �4, �5, or �1 immunoreactivity relative to the
total area of vascular immunoreactivity per field in the cortex were ana-
lyzed on a minimum of three matched sections; five images per ROI were
acquired for each Lama2 �/� and WT pair (n � 3). Equal intensity
thresholding was applied to maximum image projections in each region
for mutants and WT controls to obtain area of laminin coverage. Then,
intensity thresholding was adjusted to determine total vascular (laminin)
coverage per field. Area of total endothelial laminin immunoreactivity
coverage was then normalized to total vascular coverage per field of view.

Western blot analysis. Cerebral cortices were removed, dissected free of
meninges, and frozen in liquid nitrogen from WT and Lama2 �/� litter-
mates at postnatal days 1, 8, 15, and 21. Tissues were pulverized imme-
diately preceding lysis followed by lysis in 1% SDS, 20 mM Tris, pH 7.4,
with protease and phosphatase inhibitor mixtures (Calbiochem) at 95°C
for 10 min, with occasional trituration. Supernatant was collected after
centrifugation at 16,100 relative centrifugal force for 10 min, and protein
concentration was determined (Bio-Rad). Laemmli solubilizing buffer
with 2% �-mercaptoethanol was added to lysates and incubated at 95°C
for 5 min. Proteins were then separated by SDS-PAGE using 7.5%, 10%,
or 12% acrylamide mini-gels and transferred to 0.45 �m nitrocellulose.
Membranes were blocked in Tris-buffered saline with 0.1% Tween 20
(TBS-T) containing either 1% nonfat milk or 4% BSA for 1 h, followed by
primary antibody incubation overnight in blocking buffer at 4°C. Mem-
branes were washed in TBS-T, incubated for 1 h with dye-conjugated
antibodies diluted at 1:5000 in blocking buffer, washed with TBS-T, and
then visualized using a LICOR Odyssey Classic. Alternatively, mem-
branes were washed with TBS-T, incubated with anti-biotin secondary
antibodies diluted at 1:10,000 in blocking buffer followed by dye-
conjugated streptavidin diluted at 1:5000. Relative protein level quanti-
fications were determined using the Odyssey Infrared Imaging System
(version 3.0) analysis program.

Transmission electron microscopy (TEM). Postnatal day 22 littermate
mice were processed for electron microscopy by intracardial perfusion
with 4% PFA/2.5% glutaraldehyde in 0.1 M PBS. Brains were removed
and postfixed overnight at 4°C. Brains were cut along the coronal plane
on a Leica VT-1000 Vibratome at a thickness of 50 – 60 �m. Samples were
processed as previously described (Relucio et al., 2012). Processed sam-
ples were viewed using a Tecnai Spirit BioTwin G 2 transmission electron
microscope (FEI). Images were acquired with an AMT XR-60 CCD Dig-
ital Camera System (Advanced Microscopy Techniques). The BL ultra-
structure of the gliovascular interface and tight junction morphology in
the hippocampus of Lama2 �/� and WT control littermate mice was
analyzed and compared on acquired images using Adobe Photoshop,
version 5.5. Quantification of discontinuous regions of gliovascular BL in
Lama2 �/� and WT littermate controls was determined by counting the
number of breaches per length of BL in a minimum of 10 vessel fields per
genotype (n � 4). Discontinuous BL regions were identified and ex-
pressed as the number of total number of breaches over the total length
observed.

Astrocyte cultures. For experiments including dystroglycan (IIH6) and
integrin �1 (Ha2/5) blocking antibodies, primary cortical astrocyte
cultures were prepared from postnatal day 0 –2 rat cortices (Sprague
Dawley, Harlan) and cultured at 37°C, 7.5% CO2 in poly-D-lysine (PDL)-
coated flasks with high-glucose DMEM containing 10% FCS and peni-
cillin/streptomycin. Media was changed every 3– 4 d for 2 weeks to obtain
mixed glial cultures containing oligodendrocyte progenitor cells and mi-
croglia on astrocyte monolayers. Oligodendrocyte progenitor cells and
microglia were removed from the astrocyte monolayer by physical agita-
tion for �16 h on an orbital shaker. Remaining astrocytes were removed
from the flasks using trypsin-EDTA and resuspended in modified Sato’s
medium containing 0.5% FCS (differentiation medium) and plated on
Permanox 8-well chamber slides (NalgeNunc) coated with 10 �g/ml
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PDL at a density of 10,000 cells/well. Four days after seeding, the cells
were incubated with IIH6, Ha2/5 or isotype control antibodies in differ-
entiation medium for 2 h preceding 7 h treatment with 20 nM murine
laminin-111 (Sigma-Aldrich). Cells were then fixed with methanol for 5
min at �20°C.

Primary cortical astrocytes from postnatal day 0 –2 WT and
Lama2 �/� mice were prepared as described above. Genotyping was per-
formed to identify homozygous WT and Lama2 �/� cultures derived
from individual pups. Astrocytes were resuspended in differentiation
media and grown for 4 d in eight-well chamber slides coated with either
PDL or with Laminin-211 (purified human merosin; Millipore).
Laminin-211 slides were prepared by precoating with PDL at 37°C for
1 h, washing twice with water, and then incubating with laminin-211 at
37°C for 4 h, followed by 3 washes in PBS.

Analysis of aquaporin 4 clusters. The surface area of aquaporin 4
(AQP4) clusters and the total area of GFAP immunoreactivity were de-
termined on images following intensity thresholding using the National
Institutes of Health ImageJ Processing and Analysis Program. Cluster
areas were defined as areas of intense AQP4 immunoreactivity as deter-
mined by uniformly applied intensity thresholding. The area occupied by
these intensely AQP4-immunoreactive regions, relative to total GFAP
area coverage, was calculated per field. Within each experiment (5 fields
per group, blocking experiments; 2 wells/group, WT/Lama2 �/� experi-
ments: minimum 3 wells/group, n � 3), images were acquired using
identical parameters on an inverted Zeiss Axioplan epifluorescence mi-
croscope fitted with a 10� eyepiece and 20� (0.5 NA) objective. High-
magnification AQP4 images were captured with a 63� oil-immersion
objective. All images were acquired using a Zeiss Axiocam MRM digital
camera controlled by Zeiss Axiovision software.

Statistical analysis. Statistical significance of brain water content, cor-
tical Evans Blue dye extravasation, GFAP/Iba-1-positive cell density,
GFAP area, vascular coverage of pericyte (PDGFR-�)/�-SMA/�1-integ-
rin/MECA32, vascular density complexity, or density and protein quan-
tification by Western immunoblotting was determined using the
Student’s two-tailed t test. Statistical significance of AQP4 cluster analy-
sis was determined using the one-way Holm–Sidak ANOVA for pairwise
comparisons or Student’s two-tailed t test where indicated. Statistical
significance of TEM analysis was determined using the Mann–Whitney
Rank Sum test. All analyses were conducted using SigmaPlot 11.0 (Systat
Software). Bars represent the mean values; error bars indicate SEM.

Results
The development of the cerebral vasculature in the absence of
laminin �2
The distribution of laminins has been well characterized in the
vasculature of the adult cerebral cortex, where a composite BL is
derived from endothelial and parenchymal (astrocytes and
meninges) sources. The endothelial laminin heterotrimers
(laminins-411 and -511) contain laminin �4 and �5, respectively,
whereas the parenchymal laminin heterotrimers (laminins-111
and -211) contain laminin �1 and �2, respectively (Yousif et al.,
2013). The loss of laminin a2 expression in people causes devel-
opmental brain abnormalities of which the underlying cellular
disturbances remain unclear (Jimenez-Mallebrera et al., 2005).
To determine whether laminin-211 influences the development
and function of the cerebral vasculature, we analyzed Lama2�/�

mice relative to their WT littermates. Lama2�/� mice die at �4
weeks of age, so vascular development was evaluated at 3 weeks of
age, reflecting a late juvenile/young adult stage of development.

To confirm the lack of laminin �2 protein in Lama2�/�

brains, we conducted laminin �2 immunohistochemistry (Fig.
1a,b). As expected, WT mice had laminin �2 protein most prom-
inently in the BLs of the pia and vasculature (Fig. 1a), with higher
magnifications revealing laminin �2 protein enrichment at the
interface between astrocytic endfeet and vascular endothelial cells
(Fig. 1b). In matched regions obtained from Lama2�/� litter-

mate mice, no laminin �2 protein was observed in any region
(Fig. 1a,b).

Next, to determine whether the absence of laminin �2 influ-
enced the development of the cerebral vasculature, several key
cell types were assessed. We evaluated the morphology of astro-
cytes and their processes to elucidate potential changes in the
gliovascular interface by conducting GFAP immunohistochem-
istry (Fig. 1c) at postnatal day 21. Overall, Lama2�/� mice had
increased GFAP immunoreactivity suggestive of reactive gliosis,
which was particularly apparent in astrocytic processes lining the
vasculature of the cerebral cortex and included robust hypertro-
phied processes enveloping the vasculature. We quantified the
area of GFAP immunoreactivity relative to the number of
GFAP� cells. Lama2�/� mice had significantly increased GFAP
area relative to the total number of GFAP� cells (Fig. 1d) in the
cortex (21,827.14 � 1426.28 �m 2 in Lama2�/� vs 7192.65 �
882.17 �m 2 in WT; n � 3; p 	 0.0001). However, in Lama2�/�

mice, the total number of cortical GFAP� cells (Fig. 1e) was
not significantly different relative to WT littermate controls
(323.24 � 7.6 cells/mm 2 in Lama2�/� vs 326.56 � 23.21 cells/
mm 2 in WT; n � 3; p � 0.91). We further quantified GFAP levels
by Western immunoblotting and found that at postnatal day 21
protein levels of GFAP were significantly higher in Lama2�/�

cerebral cortices than in WT littermate cerebral cortices (Fig. 1f;
0.505 � 0.031 in Lama2�/� vs 0.344 � 0.008 in WT, n � 6, p 	
0.001).

We next evaluated the gross morphology of the vasculature in
the cerebral cortex by performing immunohistochemistry to
detect the endothelial cell protein CD31 followed by morpho-
metric analysis of vascular density and complexity (Fig. 1g). In
Lama2�/� mice, cortical vascular density was not significantly
different (4.619 � 0.35 in Lama2�/� vs 5.587 � 0.20 in WT, n �
3, p � 0.08). However, cortical vascular complexity, measured as
branch points per 100 �m segments, was significantly lower in
Lama2�/� cerebral cortices relative to that in WT littermate con-
trols (0.929 � 0.12 in Lama2�/� vs 1.374 � 0.14 in WT, n � 3,
p � 0.006). To visualize VSMCs that are associated with larger-
caliber blood vessels, we conducted �-SMA immunohistochem-
istry (Fig. 1h). The blood vessels that were positive for �-SMA in
Lama2�/� mice had a decreased intensity of immunoreactivity,
suggestive of reduced levels of �-SMA protein, which would be
indicative of decreased VSMC contractility. Next, �-SMA cover-
age along blood vessels was quantified at postnatal day 21.
Lama2�/� mice had significantly reduced (51.5% reduction)
�-SMA immunoreactivity relative to blood vessel area (Fig. 1i;
0.278 � 0.028 in Lama2�/� vs 0.573 � 0.044 in WT; n � 3; p �
0.005). We further quantified �-SMA at postnatal day 21 by
Western immunoblotting and found that �-SMA protein levels
in Lama2�/� mice were significantly lower relative to those in
WT littermates (Fig. 1j; 0.124 � 0.019 in Lama2�/� vs 0.215 �
0.033 in WT; n � 6; p � 0.01). Together, these data confirm that
laminin �2 is absent in Lama2�/� mice and that all major cell
types in the glial-vascular unit that contribute to the barrier prop-
erties are present in Lama2�/� mice. However, Lama2�/� brains
have hallmarks of reactive gliosis, altered gliovascular morphol-
ogy, and reduced �-SMA-positive blood vessels, suggestive of
BBB dysfunction and/or immaturity.

Laminin regulates the permeability of the BBB
To investigate the impact of laminin �2 on the functional integ-
rity of the BBB, we assessed several indicators. First, an acute 30
min circulation of the azo-dye Evans Blue was performed at post-
natal day 21. Evans Blue dye functions by binding protein com-
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ponents of the circulating blood, such as serum albumin, which
can then cross into the brain parenchyma in pathological situa-
tions where the BBB is compromised. Using identical acquisition
parameters, large amounts of Evans Blue were observed in the

parenchymal space in the cortex, striatum, hippocampus, and
cerebellum of Lama2�/� mice relative to that in WT littermates
(Fig. 2a). Furthermore, extraction of Evans Blue dye from the
whole cerebral cortex followed by a reading of optical density at
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620 nm (Fig. 2b) indicated a statistically significant difference
in the level of Evans Blue in Lama2�/� cortices relative to that in
WT littermates (3.013 � 0.571 in Lama2�/� vs 0.978 � 0.057 in
WT; n � 3; p � 0.024). To further investigate the possibility of a
compromised BBB, we assessed the presence of leukocytes, which
should not enter the cerebral parenchyma under normal phys-
iological conditions. We performed immunohistochemistry
against the common leukocyte antigen CD45 and against
laminin-111 to visualize the BL of blood vessels (Fig. 2c, left). In
Lama2�/� brains, CD45� cells can be detected outside of the
vasculature in the parenchymal space. Because CD45 can be ex-
pressed by activated microglial under some circumstances, we
further assessed potential leukocyte infiltration by performing
immunohistochemistry against the � chain of the T-cell
receptor-associated CD3 complex, to detect leukocytes within
the parenchymal space, in conjunction with laminin-111 im-
munohistochemistry to visualize the BL of blood vessels. In
Lama2�/� brains, CD3� cells can be detected outside of the
vasculature in the parenchymal space (Fig. 2c, right), further con-
firming leukocyte transmigration. A leaky BBB with accompany-
ing leukocyte infiltration would be predicted to elicit an innate
immune response within the brain. We therefore analyzed mi-
croglial activation using immunohistochemistry against the
monocyte-specific protein Iba-1 in the striatum of postnatal day
21 mice (Fig. 2d). In Lama2�/� brains, Iba-1-positive microglia
are more plentiful and have an amoeboid morphology, charac-
teristic of activated microglia, whereas Iba-1-positive microglia
in WT mice have long branch-like processes characteristic of
resting microglia (Fig. 2d, far right) and are less numerous (Fig.
2e; 445.91 � 13.57 cells/mm 2 in Lama2�/� vs 223.78 � 9.95
cells/mm 2 in WT; n � 3; p 	 0.001). Together, these data indicate
that the BBB in Lama2�/� mice has compromised selective per-
meability characteristics, leading to activation of resident im-
mune cells within the CNS.

Impaired maturation of the BBB in Lama2�/� mice
To determine whether laminins influenced the maturation of the
BBB, we evaluated features of the cerebral vasculature that are
known to be regulated by the induction and maturation of barrier
features. We conducted immunohistochemistry against Glut-1, a
transporter that regulates the metabolic environment of the ce-
rebral parenchyma and whose expression normally coincides
with the BBB maturation. Relative to that in WT littermates,
however, we observed no significant change in Glut-1 immuno-
reactivity in Lama2�/� mice at postnatal day 21 (Fig. 3a; 0.561 �
0.067 in Lama2�/� vs 0.536 � 0.026 in WT, n � 3, p � 0.74).
Protein analysis by Western immunoblotting also indicated no
significant changes in Glut-1 levels at postnatal days 1, 8, 15, and
21 (Fig. 3b). Relative Glut-1 protein levels at postnatal day 1 (P1)
were 6.878 � 1.42 in Lama2�/� cerebral cortices vs 8.303 � 2.54
in WT cortices (n � 3, p � 0.650); at P8 were 9.163 � 0.81 in
Lama2�/� versus 11.077 � 2.48 in WT (n � 3, p � 0.504); at P15
were 1.501 � 0.25 in Lama2�/� vs 1.062 � 0.16 in WT (n � 3,
p � 0.211); and at P21 were 1.179 � 0.12 in Lama2�/� vs 0.912 �
0.08 in WT (n � 3, p � 0.136). These data suggest that laminin �2
does not significantly affect overall Glut-1 protein levels or local-
ization at the gliovascular interface.

To further evaluate BBB development, we conducted immu-
nohistochemistry against MECA32 (i.e., plasmalemma vesicle-
associated protein, Plvap), which is expressed in the peripheral
vasculature throughout development but ceases to be expressed
in the cerebrovasculature during embryonic development (cor-
responding with the establishment of barrier properties).

MECA32/Plvap is involved in vesicular transport in endothelial
cells and is highly expressed in permeable vessels of peripheral
tissues (Ioannidou et al., 2006; Shue et al., 2008; Daneman et al.,
2010b). In the postnatal CNS, however, MECA32 expression is
limited to circumventricular organs, which reside outside of the
confines of the BBB (Schulz and Engelhardt, 2005). However,
reexpression of MECA32 has been observed in pathological con-
ditions where CNS inflammation is prominent, such as experi-
mental autoimmune encephalitis (EAE) and other models of
neuroinflammation (Cannella et al., 1991; Engelhardt et al., 1994;
Yu et al., 2012). Immunoreactivity for MECA32 was observed in
a subset of large vessels distributed throughout the cortex, stria-
tum, and hippocampus of postnatal day 21 Lama2�/� mice,
whereas no MECA32 immunoreactivity was detected in WT mice
outside of the circumventricular organs (Fig. 3c). We further
characterized MECA32 vascular coverage at postnatal day 21 and
found that Lama2�/� mice had significantly increased levels of
MECA32 relative to blood vessel area (Fig. 3d; 0.282 � 0.035 in
Lama2�/� versus 0.103 � 0.021 in WT; n � 3; p � 0.012). We
also performed MECA32 immunohistochemistry on brain sec-
tions from mice that had been injected with Evans Blue dye and
found that MECA32-immunoreactive large blood vessels were
always associated with Evans Blue leakage into the brain paren-
chyma (Fig. 3e). It should be noted that in Figure 3e, we substan-
tially increased the brightness of the Evans Blue signal to visualize
all blood vessels in the field; therefore, the Evans Blue difference
between WT and knock-out is no longer apparent in these im-
ages. Finally, we analyzed MECA32 by Western immunoblotting
and found that MECA32 protein levels were significantly higher
in Lama2�/� cerebral cortices at postnatal day 21 than in WT
littermate cerebral cortices (Fig. 3f; 3.041 � 0.21 in Lama2�/� vs
0.677 � 0.1 in WT, n � 3, p � 0.029).

To evaluate the development of interendothelial tight junc-
tions, which act as physical barriers against passage through
vascular fenestrations, we conducted immunohistochemistry
against tight junction components zonula occludens 1 (ZO-1),
claudin-5, and occludin. Although the formation of tight junctions
was apparent in Lama2�/� mice and WT controls at postnatal day
21, differences in morphology were observed in high-magnification
confocal images in Lama2�/� mutants (Fig. 3g). ZO-1 immuno-
reactivity was distributed in a pattern consistent with continuous
adherens complexes in both Lama2�/� and WT; however,
Lama2�/� mice displayed morphological abnormities, including
regions of increased junctional hypertrophy and undulation. In
addition, we observed decreased immunoreactivity of claudin-5
and occludin in Lama2�/� mice relative to WT littermates (Fig.
3g). Additionally, we quantified overall protein levels of tight
junction components by Western immunoblotting. Quantifica-
tion of ZO-1 protein levels by Western immunoblotting indi-
cated that ZO-1 levels (Fig. 3h) did not significantly differ
between Lama2�/� mice and WT littermate controls (0.971 �
0.233 in Lama2�/� vs 1.001 � 0.167 in WT, 1.02 � 0.3-fold of
WT, n � 3, p � 0.92), indicating that ZO-1 morphology, but not
production, differs in Lama2�/� mice. We further quantified the
protein levels of the adherens junction components, VE-
cadherin, claudin-5, and occludin. Western blots indicated that
VE-cadherin levels were significantly lower in Lama2�/� mice
relative to those in WT littermates at postnatal day 21 (Fig. 3h;
2.198 � 0.51 in Lama2�/� vs 5.976 � 0.881 in WT, 0.37 �
0.08-fold of WT, n � 3, p � 0.021). Claudin-5 levels were also
significantly lower in Lama2�/� mice relative to those in WT
littermate control mice (Fig. 3h; 0.153 � 0.025 in Lama2�/� vs
0.379 � 0.065 in WT, 0.42 � 0.05-fold of WT, n � 6, p � 0.005).
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Figure 3. Impaired maturation of the BBB in Lama2 �/� mice. a, Immunohistochemistry to detect Glut-1 and any subunit of laminin-111 ((laminin �1, �1, or �1 subunits; i.e., pan-laminin)
in the vascular endothelial cells in coronal sections at postnatal day 21 in Lama2 �/� and WT cerebral cortices. Glut-1 immunoreactivity in Lama2 �/� mice appears to be comparable with that in
WT control littermates. b, Western immunoblotting for Glut-1 at postnatal day 1 (P1), P8, P15, and P21 using lysates from Lama2 �/� and WT cerebral cortices. No changes in Glut-1 levels were
observed. p115 blots are shown as loading controls. c, Immunohistochemistry to detect any subunit of laminin-111 and MECA-32 in the vascular endothelial cells in coronal sections from postnatal
day 21 Lama2 �/� and WT mice. MECA-32 immunoreactivity was detected in Lama2 �/� brain vascular endothelial cells but not in WT. d, The presence of Evans Blue dye (red) in the parenchymal
space is associated with MECA32 immunoreactivity (green) in Lama2 �/� cerebral cortices but not in WT. e, Quantification of area of MECA32 immunoreactivity coverage relative to laminin-111
coverage (pan-laminin, to indicate total vasculature area) in Lama2 �/� and WT cerebral cortices at postnatal day 21. Coverage of MECA32 was increased in Lama2 �/� mice. f, Western
immunoblotting for MECA-32 and p115 (protein-loading control) in lysates from P21 Lama2 �/� and WT cerebral cortices. MECA-32 levels were significantly elevated in Lama2 �/� cerebral
cortices compared with those in WT controls. g, Immunohistochemistry to detect the interendothelial tight junction proteins: ZO-1 (red), Claudin-5 (green), and Occludin (magenta) in Lama2 �/�

and WT cerebral cortices at postnatal day 21. High-magnification confocal imaging reveals ZO-1 morphology in altered in Lama2 �/�; however, protein levels were not significantly decreased. In
contrast, immunoreactivity for Claudin-5 and Occludin is significantly reduced in Lama2 �/� mice. White dashed line indicates the path of the blood vessel. h, Representative Western immunoblots
for ZO-1, VE-Cadherin, Claudin-5, and Occludin (p115 and �-actin, protein-loading controls) at P21 in lysates from Lama2 �/� and WT cerebral cortices. VE-Cadherin, Claudin-5, and Occludin levels
were significantly decreased in Lama2 �/� cerebral cortices. *p 	 0.05, **p 	 0.01, Student’s t test. Error bars indicate SEM; n � 6. Scale bars: a, c, e, 50 �m; g, 10 �m.
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Additionally, Western blots indicated that occludin levels
were significantly lower in Lama2 �/� mice relative to those in
WT littermates (Fig. 3h; 0.576 � 0.142 in Lama2 �/� versus
0.995 � 0.139 in WT, 0.57 � 0.09-fold of WT, n � 6, p � 0.01).

Inappropriate MECA32 expression in the postnatal CNS vas-
culature and significant decreases in the adherens junction com-
ponents VE-cadherin, claudin-5, and occludin, with additional
morphological differences in ZO-1-immunoreactive tight junc-
tions, together indicate that the absence of laminin �2 impacts
BBB maturation and further suggests that perturbed vascular en-
dothelial maturation or homeostasis may contribute to increased
BBB permeability.

Laminin regulates cerebral vasculature pericyte coverage
The cerebral vasculature is extensively covered by pericytes,
which express high levels of the PDGFR-�, a necessary signaling
receptor for pericyte recruitment (Lindblom et al., 2003). The
absence or loss of vascular pericyte coverage is highly correlated
with vascular leakage at the BBB (Armulik et al., 2010). To assess
pericyte coverage throughout different regions of the CNS, we
used PDGFR-� and collagen IV immunohistochemistry to visu-
alize pericytes and the BL of the cerebral vasculature, respectively.
First, we performed laminin �2, PDGFR-�, and collagen IV im-
munohistochemistry to assess whether laminin �2 is colocalized
with pericytes along the vasculature in WT mice (Fig. 4a). We
observed a high level of colocalization of laminin �2 and
PDGFR-�, which suggests a close association of laminin �2 with
pericytes and furthermore supports the possibility that pericytes
themselves may express laminin �2 in vivo. Next, we sought to
quantify pericyte coverage along the cerebral vasculature in the
cerebral cortex, striatum, and hippocampus of Lama2�/� and
WT mice. Pericyte coverage along blood vessels, visualized in
confocal three dimensional reconstructions of PDGR-�/collagen
IV immunohistochemistry, appeared profoundly lower in
Lama2�/� cerebral cortices than that in WT littermates (Fig. 4b).
Next, pericyte coverage along blood vessels was quantified in
mice at postnatal day 21. Lama2�/� mice had significantly re-
duced pericyte coverage relative to blood vessel area in all regions
evaluated (Fig. 4c): in the cortex, a 60.47% reduction (0.17 �
0.011 in Lama2�/� vs 0.43 � 0.014 in WT; n � 3; p � 0.007); in
the striatum, a 33.34% reduction (0.08 � 0.007 in Lama2�/� vs
0.25 � 0.003 in WT; n � 3; p � 0.001); and in the hippocampus,
a 56.52% reduction (0.20 � 0.014 in Lama2�/� vs 0.46 � 0.023 in
WT; n � 3; p � 0.001) relative to WT littermates. We then com-
pared pericyte coverage of the cerebral vasculature in developing
littermates at postnatal days 1, 8, 15, and 21 to determine whether
changes in pericytes coverage in the vasculature of Lama2�/�

mice occurred earlier in postnatal development (Fig. 4d).
Throughout postnatal development, the vasculature of
Lama2�/� cerebral cortices had decreased pericyte coverage
compared with that in WT littermates. At postnatal day 1,
Lama2�/� mice already had significantly reduced pericyte cover-
age in the cortical vasculature relative to WT littermates (0.103 �
0.016 in Lama2�/� vs 0.278 � 0.06 in WT; n � 3; p � 0.048).
Together, these data indicate that the absence of laminin �2 sig-
nificantly perturbs the ability of pericytes to interact with the
cerebrovasculature during postnatal development. The fact that
pericyte coverage appears to be disturbed in numerous brain
regions, and is apparent from birth, furthermore supports our
observations that BBB leakage is widespread and not confined to
particular regions as a localized “damage response” but instead is
a developmental abnormality.

Channel localization at astrocytic endfeet is altered in
Lama2�/� mice
Astrocytic endfeet use the DGC to facilitate the localization of
homeostatic channels, such as AQP4 to the gliovascular interface.
The laminin receptor dystroglycan acts as a central component of
the DGC, physically linking AQP4 through intracellular adaptor
proteins, such as �-dystrobrevin. Previous studies have provided
evidence that physical interactions with �-dystrobrevin are re-
quired to maintain polarized distributions of AQP4 at astrocytic
endfeet (Lien et al., 2012). To investigate the role of laminin �2 in
localizing channels at astrocytic endfeet, we conducted immuno-
histochemistry against AQP4 in conjunction with GFAP to visu-
alize circumferential astrocytic processes at the gliovascular
interface. We observed decreased immunoreactivity of AQP4
(Fig. 5a) at astrocytic endfeet in Lama2�/� cerebral cortices rela-
tive to that in WT littermates at postnatal day 21. Lama2�/� mice
had significantly decreased levels of AQP4 immunoreactivity dis-
tributed at vascular-associated astrocytic endfeet (Fig. 5b;
3.628 � 0.97 in Lama2�/� vs 14.213 � 1.21 in WT; n � 3; p �
0.002). However, relative protein levels of AQP4 were not signif-
icantly different between groups at postnatal day 21 (Fig. 5c;
1.847 � 0.31 in Lama2�/� vs 1.99 � 0.23 in WT; n � 3; p �
0.730). These data indicate that AQP4 protein levels do not
significantly differ, but that AQP4 localization, and perhaps clus-
tering, is perturbed. To address whether AQP4 function was
compromised, we evaluated brain water content, which we found
to be significantly elevated in Lama2�/� mice compared with
that in WT littermates (Fig. 5d; 80.15 � 0.380 in Lama2�/� vs
78.32 �. 0.654 in WT; n � 9; p � 0.028). These data suggest that
laminin �2 is required for both maintaining the polarization of
AQP4 channels at astrocytic endfeet and facilitating the function
of AQP4 to regulate cerebral osmotic homeostasis.

Next, we sought to characterize the adhesion receptors that
are known to interact with laminin �2 at the gliovascular inter-
face by conducting �-dystroglycan and �1-integrin immunohis-
tochemistry (Fig. 5e,g). In Lama2�/� mice at postnatal day 21,
there was no change in �-dystroglycan immunoreactivity along
the vasculature (Fig. 5e), whereas a decrease in �1-integrin vas-
cular coverage was observed (Fig. 5g). Furthermore, protein ly-
sates prepared from cerebral cortices at postnatal day 21 were
evaluated by Western blot, and no significant differences in total
�-dystroglycan protein levels were observed in Lama2�/� mice
(Fig. 5f; 90.723 � 11.053 in Lama2�/� vs 92.097 � 4.704 in WT;
n � 3; p � 0.915). Increased levels of cleaved 30 kDa dystrogly-
can, mediated by MMPs 2 and 9, are observed during periods of
disturbed BBB function in EAE (Agrawal et al., 2006), and we
noted that there was a slight increase in the relative amount of the
cleaved 30 kDa �-dystroglycan fragment in Lama2�/� cerebral
cortices, although not significantly so (13.74 � 0.29% in
Lama2�/� vs 9.53 � 2.23% in WT; n � 3; p � 0.135). To inves-
tigate whether the absence of Lama2 influenced the degree to
which astrocyte endfeet were associated with �-dystroglycan, we
quantified astrocytic endfeet processes in association with
�-dystroglycan immunoreactivity at the gliovascular interface.
We found a significant decrease in the percentage of
�-dystroglycan positive astrocytes in association with blood ves-
sels in Lama2�/� mice relative to those in WT littermates
(45.035 � 3.19% in Lama2�/� vs 53.613 � 1.104% in WT; n � 4;
p � 0.031). These results suggest that disturbed adhesive interac-
tions at astrocytic endfeet may contribute to the dysfunction of
the neurovascular unit of Lama2�/� mice.

To further investigate potential changes in �1-integrins in
Lama2�/� brains, we quantified �1-integrin vascular coverage.
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Figure 4. Decreased pericyte coverage of the vasculature in Lama2 �/� brains. a, Immunohistochemistry to detect laminin �2 (Lm �2, green), collagen type IV (Col IV, purple), and
pericytes (PDGFR�, red) in WT brains. Lm �2 colocalizes with the pericyte marker PDGFR� along the BL of brain vascular endothelial cells. b, Immunohistochemistry to detect PDGFR�
(red) and Col IV (green) associated with the vasculature in Lama2 �/� and WT brains at postnatal day 21. Lama2 �/� mice have decreased PDGFR� immunoreactivity along the brain
vasculature. c, Quantification of area of PDGFR� coverage relative to Col IV area (vasculature area) in Lama2 �/� and WT brains at postnatal day 21. Pericyte coverage was reduced in
the cerebral cortex, striatum, and hippocampus of Lama2 �/� mice. d, Immunohistochemistry to detect PDGFR� (red) and Col IV (green) associated with the vasculature in Lama2 �/�

and WT brains through development (postnatal days 1, 8, 15, and 21). Lama2 �/� mice have decreased PDGFR� immunoreactivity along the vasculature from birth throughout postnatal
development. **p 	 0.01, ***p 	 0.001, Student’s t test. Error bars indicate SEM; n � 3. Scale bars: a, 20 �m; b– d, 50 �m.
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Quantification of brain water content in cortices isolated from Lama2 �/� and WT mice. Brain water content was elevated in Lama2 �/� mice relative to littermate controls. *p 	 0.05,
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and WT cerebral cortices. No significant differences in protein levels were observed. Scale bars: a, 20 �m; e, g, 50 �m.
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Lama2�/� mice had significantly reduced (a 27.45% reduction)
�1-integrin vascular-associated immunoreactivity relative to
blood vessel area at postnatal day 21 (Fig. 5h; 0.259 � 0.018 in
Lama2�/� vs 0.357 � 0.019 in WT; n � 3; p � 0.02). We further
quantified overall levels of �1-integrin in the cerebral cortex at
postnatal day 21 by Western immunoblotting and found no sig-
nificant differences (Fig. 5i; 1.39 � 0.13 in Lama2�/� vs 1.92 �
0.34 in WT; n � 6; p � 0.128). It should be noted that �1 integrin
is expressed in astrocytic endfeet but is also expressed in pericytes,
oligodendrocytes, microglia, neural stem cells, and vascular en-
dothelial endothelial cells; thus, changes in �1 integrin localized
to the BBB are not likely to be reflected in whole-cortex lysates.
These data suggest that laminin �2 is required for the correct
localization of AQP4 at astrocyte endfeet and contributes to the
ability of �1-integrins to localize along the vasculature, presum-
ably also in astrocytes but perhaps additionally through changes
in pericyte and/or endothelial cell integrin distribution. In con-
trast, �-dystroglycan localization at the gliovascular interface
may be compensated for by other ECM components, such as
�1-subunit-containing laminins.

Lama2�/� mice have breaches in the gliovascular BL
The gliovascular BL acts to physically separate the resident cells of
the perivascular environment while also creating a continuous
matrix that links each cell type together. To investigate the role of
laminin �2 on the structure and composition of the gliovascular
BL, we used two strategies: (1) ultrastructure analysis via TEM
and (2) immunohistochemistry against known components of
the gliovascular BL. We observed no obvious differences in the BL
or gross vascular defects in capillary ultrastructure of Lama2�/�

mice (Fig. 6a) compared with WT mice. However, we observed
perturbed tight junction morphology in blood vessels of
Lama2�/� mice in contrast to those WT littermates (Fig. 6b; tight
junctions colorized green). In Lama2�/� mice, many tight junc-
tions appeared to be narrow and undulating, extending through-
out the endothelia lumen. Moreover, large-caliber vessels of
Lama2�/� mice had more endocytic vesicles than typical, indic-
ative of transport dysfunction (Fig. 6b, red arrows). In addition,
detachment and/or discontinuity of both the parenchymal and
the endothelial BL were readily observed in large vessels of
Lama2�/� mice (Fig. 6c, white asterisks; parenchymal BL, blue;
endothelial BL, red). Lama2�/� mice had discontinuous regions
in the gliovascular BL (182 breaches were found upon inspection
of 109,030.13 nm of BL in Lama2�/�, whereas 0 breaches were
found upon inspection of 106,145.12 nm of BL in WT; Mann–
Whitney U statistic � 0.00; T � 10.00; n � 4; p � 0.029).

Next, we conducted immunohistochemistry to detect �1, �4,
�5, and �1 laminin subunits, in conjunction with GFAP immu-
nohistochemistry, to determine whether the levels of other
laminins were altered in Lama2�/� brains at postnatal day 21
(Fig. 6d). To characterize endothelial cell laminins, we quantified
vascular coverage of �4-, �5-, and �1-containing laminins.
Lama2�/� mice had no significant changes in laminin �4 vascu-

lar coverage relative to that in WT littermates (0.94 � 0.02 in
Lama2�/� vs 0.963 � 0.005 in WT; n � 3; p � 0.443). In contrast,
Lama2�/� mice had significantly reduced laminin �5 vascular
coverage relative to that in WT littermates (0.664 � 0.033 in
Lama2�/� vs 0.966 � 0.014 in WT; n � 3; p 	 0.001). Because
laminin-511 production by vascular endothelial cells usually in-
creases postnatally during BBB maturation (Yousif et al., 2013), a
deficit in laminin-511 levels could reflect the lack of BBB maturity
in Lama2�/� brains. Lama2�/� mice also had significantly re-
duced laminin �1 vascular coverage relative to that in WT litter-
mates (0.442 � 0.027 in Lama2�/� vs 0.936 � 0.013 in WT; n �
3; p 	 0.001). We also observed a modest increase in laminin �1
immunoreactivity in Lama2�/� mice relative to that in WT lit-
termates (data not shown), suggesting that the loss of laminin-
211 led to an increase in laminin-111, possibly as a means to
compensate. No change in collagen IV immunoreactivity was
observed in Lama2�/� mice relative to controls. These data sug-
gest that laminin �2 is required for the proper formation and/or
maintenance of the parenchymal and endothelial BL within the
cerebrovasculature of Lama2�/� mice.

Laminin– dystroglycan interactions potentiate the ability of
astrocytes to cluster AQP4
To investigate the ability of laminins to facilitate the polarization
of homeostatic channels, such as AQP4, we used two astrocyte-
based assays. First, we used primary astrocytes isolated from
rat neonates to test the effects of blocking dystroglycan and/or
�1-containing integrins with blocking antibodies (IIH6 and
Ha2/5, respectively) before the acute administration of soluble
laminin, which normally induces clusters of AQP4 (GuaDAGno
and Moukhles, 2004). We conducted AQP4 and GFAP immuno-
histochemistry (Fig. 7a) and then uniformly applied intensity
thresholding to determine cluster areas (i.e., areas of intense
AQP4 immunoreactivity). AQP4 cluster area relative to total
GFAP� cell coverage area was then calculated per field. After 7 h
of laminin incubation, we observed a significant increase in
AQP4 clusters in control cells, as has been reported previously
(Fig. 7b; 0.100 � 0.009 in control plus laminin-111 vs 0.023 �
0.003 in control alone, n � 3, p 	 0.001). In the presence of
dystroglycan-blocking antibodies (IIH6), there was a substantial
decrease in laminin-induced AQP4 clusters (0.0233 � 0.003 IIH6
vs 0.100 � 0.009 in control plus laminin-111, n � 3, p 	 0.001).
Blocking the �1-integrin subunit also resulted in a significant
decrease in laminin-induced AQP4 clusters, although not as large
a decrease as was observed by blocking dystroglycan (0.051 �
0.007 Ha2/5 vs 0.100 � 0.009 in control plus laminin-111, n � 3,
p 	 0.001). The largest decrease in laminin-induced AQP4
clusters, however, resulted from blocking both dystroglycan
and �1-integrins concurrently (0.015 � 0.002 dual antibody
blockade vs 0.100 � 0.009 in control plus laminin-111, n � 3,
p 	 0.001).

We next prepared primary astrocytes from Lama2�/� and
WT littermate brains to test the ability of endogenous astrocytic
laminin �2 to organize AQP4. When cultured over several days,
astrocytes organized AQP4 into mesh-like networks and clusters
at the interface between the cell and the plastic; this clustering
ability was enhanced by growing the astrocytes on slides coated
with laminin (Fig. 7c, left). It should be noted that astrocytes
grown on PDL substrates express endogenous laminins-111 and
-211, which contribute to the “baseline” of clusters in this long
term culture. In contrast, astrocytes from Lama2�/� neonates
had a marked deficit in AQP4 clusters when grown on PDL (Fig.
7c, right, PDL). However, the ability of Lama2�/� astrocytes to

4

(Figure legend continued.) Additionally, endocytic vesicles (red arrows) were observed in
Lama2 �/� vascular endothelial cells. c, Regions of the parenchymal BL (blue) and endothelial
BL (red) are discontinuous (white asterisk) in large-caliber blood vessels of Lama2 �/� mice. d,
Immunohistochemistry to detect components of the BL in conjunction with GFAP in the cerebral
cortices of Lama2 �/� and WT mice at postnatal day 21. Laminin �1, �4, �5, �1, laminin-111
(a polyclonal antibody that recognizes laminin �1, �1, and �1 subunits), and collagen IV (col
IV) were detected in the gliovascular BL of Lama2 �/� and WT brains. Laminin �5 immunore-
activity was reduced in Lama2 �/� mice. Scale bars: a, 500 nm; b, 100 nm; c, 500 nm; d, 50 �m.
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cluster AQP4 was rescued by growing the cells on laminin-211
(Fig. 7c, right, laminin). To quantify changes in the ability of
Lama2�/� astrocytes to cluster AQP4, we conducted AQP4 and
GFAP immunohistochemistry and then uniformly applied inten-
sity thresholding to determine cluster areas (i.e., areas of intense
AQP4 immunoreactivity). AQP4 cluster area relative to total

GFAP� cell coverage area was then calculated per field. When
astrocytes were grown on PDL, we observed significantly de-
creased relative AQP4 clusters in astrocytes derived from
Lama2�/� mice compared with WT astrocytes (Fig. 7d; 0.063 �
0.025 in Lama2�/� vs 0.126 � 0.038 in WT, n � 5; p � 0.01). In
contrast, the ability of Lama2�/� astrocytes to cluster AQP4 on
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and WT mice. Lama2 �/� astrocytes were deficient in their ability to assemble AQP4 clusters in long-term cultures; however, growth on purified laminin-211 substrate rescued the ability of
Lama2 �/� astrocytes to form AQP4 clusters. Colorized AQP4 clusters (bottom, red) depicts regions where AQP4 immunoreactivity intensity was above threshold value. d, Quantification of relative
coverage by AQP4 clusters in astrocytes derived from Lama2 �/� and WT mice on poly-D-lysine (PDL) or laminin-211 substrates. Relative coverage by AQP4 clusters was significantly reduced in
Lama2 �/� astrocytes grown on PDL relative to WT astrocytes. **p 	 0.01, Student’s t test. n.s., Not significant. Error bars indicate SEM; n � 5. The ability of Lama2 �/� astrocytes to form AQP4
clusters was rescued by laminin-211 substrate. Scale bars, 25 �m.
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Figure 8. Dystroglycan regulates the function of the BBB. a, Evans Blue dye (red) in the brain parenchyma is apparent in coronal sections taken from cerebral cortex, striatum, and hippocampus
in DAG1 CKO mice at postnatal day 23. Residual signal in WT littermate control mice was restricted to the endothelial lumen. b, Quantification of Evans Blue dye extracted from DAG1 CKO and WT cerebral
cortices at postnatal day 21. The level of Evans Blue in DAG1 conditional knockout cortices was significantly elevated compared with that in WT littermates (n�4). c, PDGFR� immunohistochemistry to detect
pericytes (red) and collagen IV immunohistochemistry (col IV, green) to visualize the endothelial BL associated with the vasculature in DAG1 CKO and WT cerebral cortices at postnatal day 23. In DAG1 CKO mice,
PDGFR� immunoreactivity was notably decreased. d, Quantification of area of PDGFR�coverage relative to collagen IV area (total vasculature area) in DAG1 and WT brains at postnatal day 21. Pericyte coverage
was reduced in the cerebral cortex of DAG1 conditional knockout mice (n�4). e, Immunohistochemistry to detect Glut-1 (red) and laminin-111 (pan-Laminin, green) in vascular endothelial cells in the cerebral
cortex from DAG1 CKO and WT littermates. Glut-1 immunoreactivity appeared to be less intense in DAG1 CKO brain vascular endothelial cells than in WT controls. f, Quantification of area of Glut-1 immunore-
activity coverage relative to laminin-111 (pan-Laminin, vasculature area) in DAG1 conditional knockout and WT at postnatal day 21. Coverage of Glut-1 was increased in DAG1 (Figure legend continues.)
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laminin substrate was similar to WT astrocytes grown on a
laminin substrate (Fig. 7d; 0.386 � 0.075 in Lama2�/� vs 0.491 �
0.061 in WT, n � 5; p � 0.312). Together, these data suggest that
laminin interactions with dystroglycan and, to a lesser extent,
�1-integrins, potentiate the ability of astrocytes to aggregate
AQP4 channels into clusters. The ability of laminin substrates to
rescue AQP4 clustering in Lama2�/� astrocytes furthermore in-
dicates that Lama2�/� have appropriate levels of functional
laminin receptors that are responsive to the exogenously applied
laminin.

Dystroglycan regulates the function of the BBB
To investigate the role of the adhesion receptor dystroglycan in
the formation and function of the BBB in vivo, we used a condi-
tional knock-out strategy to eliminate DAG1 expression from all
neural lineage cells, including astrocytes. Permeability of the BBB
was assessed using Evans Blue dye circulated through the vascu-
lature. In the absence of neural lineage dystroglycan, extravasa-
tion of Evans blue into the brain parenchyma was apparent in
sections obtained from the frontal cortex, striatum, and hip-
pocampus (Fig. 8a). Furthermore, a statistically significant in-
crease in the level of Evans Blue in extracts from cerebral cortices
was found in DAG1 conditional knock-outs relative to that in
WT littermates (Fig. 8b; 2.493 � 0.109 in DAG1 CKO vs 1.164 �
0.143 in WT; n � 4; p 	 0.001). Considering the altered pericyte
coverage observed in Lama2�/� mice, we next sought to eluci-
date whether laminin– dystroglycan interactions regulate vascu-
lar pericyte cell coverage. We performed PDGFR� and collagen
IV immunohistochemistry in matched cortical sections from
DAG1 conditional knock-outs and WT littermates at postnatal
day 23 (Fig. 8c) and found decreased PDGFR� immunoreactivity
along blood vessels in DAG1 conditional mutants relative to the
robust coverage observed in WT mice (Fig. 8c). Quantification
revealed significantly reduced (�50.0% reduction) pericyte cov-
erage along blood vessels in DAG1 conditional mutants relative
to that in WT littermates (Fig. 8d; 0.235 � 0.036 in DAG1 CKO vs
0.47 � 0.018 in WT; n � 4; p � 0.001). To elucidate whether
dystroglycan regulates the induction of transporters associated
with barrier development, we next conducted Glut-1 immuno-
histochemistry (Fig. 8e). We observed a decrease in Glut-1 im-
munoreactivity in DAG1 conditional knock-out brains relative to
that in WT littermates (a 38.83% reduction), suggesting a devel-
opmental delay or deficit in BBB maturation (Fig. 8f; 0.323 �
0.022 in DAG1 CKO vs 0.528 � 0.055 in WT; n � 3; p � 0.026).

To evaluate the development of interendothelial tight junc-
tions, we conducted immunohistochemistry against ZO-1,
claudin-5, and occludin. Although the formation of tight junc-
tions was apparent in DAG1 CKO mice at postnatal day 21, the

junctional morphology in DAG1 CKO mutants appeared to be
discontinuous with regions of focal hypertrophy and undulation
observed in high-magnification confocal images (Fig. 8g). We
also quantified the levels of junctional proteins by Western im-
munoblotting (Fig. 8h). ZO-1 protein levels did not significantly
differ between DAG1 knock-out mice and WT littermates (Fig.
8h; 0.641 � 0.15 in DAG1 CKO vs 0.728 � 0.07 in WT, 0.86 �
0.14-fold of WT, n � 3, p � 0.404). Claudin-5 protein levels did
not significantly differ between DAG1 knock-out mice and WT
littermates (Fig. 8h; 1.503 � 0.227 in DAG1 CKO vs 1.581 � 0.22
in WT, 0.97 � 0.102-fold of WT, n � 5, p � 0.67). Occludin
protein levels did not significantly differ between DAG1 knock-
out mice and WT littermate controls (Fig. 8h; 2.16 � 0.057 in
DAG1 CKO vs 2.54 � 0.42 in WT, 0.94 � 0.15-fold of WT, n � 5,
p � 0.43). However, the protein level of VE-cadherin was signif-
icantly reduced in DAG1 CKO mutants (Fig. 8h; 0.584 � 0.089 in
DAG1 CKO vs 0.81 � 0.035 in WT, 0.72 � 0.09-fold of WT, n �
5, p � 0.04).

To determine whether dystroglycan is necessary to maintain
the polarized organization of astrocytic endfeet in vivo, we con-
ducted AQP4 immunohistochemistry in conjunction with GFAP
immunohistochemisty (Fig. 8i). We observed decreased immu-
noreactivity of AQP4 in DAG1 conditional knock-out brains at
postnatal day 21, whereas in WT littermates AQP4 channels were
highly enriched at GFAP� processes that line the vasculature
(Fig. 8i). It should also be noted that, in DAG1 conditional
knock-out brains, perivascular GFAP immunoreactivity was in-
creased, characteristic of reactive gliosis and swollen astrocytic
endfeet. To characterize the spatial distribution of AQP4, we
quantified AQP4 along astrocyte endfeet at postnatal day 21 and
found that DAG1 conditional knock-out mice had significantly
decreased AQP4 distributed along astrocytic endfeet relative to
that in WT littermates (Fig. 8j; 2.406 � 1.203 in DAG1 CKO vs
8.295 � 0.878 in WT; n � 3; p � 0.017). Together, these data
indicate that dystroglycan expressed in neural lineage cells (pre-
sumably in astrocytes) is required to develop functional barrier
properties and to localize homeostatic channel proteins and met-
abolic transporters at astrocytic endfeet. In addition, although
many interendothelial junctional proteins were expressed at
normal levels, VE-cadherin levels were decreased and mor-
phological abnormalities in junctional protein localization
were observed, which may contribute to of the observed
changes in vascular permeability. Our findings furthermore in-
dicate that dystroglycan-mediated interactions, likely with
laminin-211, promote pericyte coverage along the cerebral corti-
cal vasculature (Fig. 9).

Discussion
ECM proteins are thought to contribute to BBB function by gen-
erating the physical barrier of the gliovascular BL. Here we report
that �2-subunit-containing laminins not only have an important
contribution to the physical integrity of the gliovascular BL but
also promote BBB maturation by increasing pericyte interactions
with the vascular endothelium. The failure to produce �2-
containing laminins results in a leaky BBB with characteristics of
immaturity: expression of embryonic vascular proteins, such as
MECA32, limited pericyte coverage, and poorly polarized chan-
nel distribution in astrocytes. Although vascular endothelial tight
junctions are present in Lama2�/� brains, some observations
suggest tight junction immaturity, including reduced levels of
VE-cadherin, occludin, and claudin-5, a thinner and undulating
tight junction appearance by TEM, differences in junctional pro-
tein immunoreactive morphology, and innappropriate appear-

4

(Figure legend continued.) CKO mice (n�3). g, Immunohistochemistry to detect the interendothe-
lial tight junction proteins: ZO-1 (red), Claudin-5 (green), and Occludin (magenta) in DAG1 CKO and
WT cerebral cortices at postnatal day 21. High-magnification confocal images reveal ZO-1, Claudin-5,
and Occludin morphology; scale bar, 10 microns. h, Representative Western immunoblots for ZO-1,
VE-Cadherin, Claudin-5, and Occludin (p115 and �-actin, protein-loading controls) at postnatal day
21 in lysates from DAG1 CKO and WT cerebral cortices. No significant changes in ZO-1, Claudin-5, or
Occludin protein levels were observed; however, VE-Cadherin levels were significantly reduced in
DAG1 CKO mice (n � 5). i, Immunohistochemistry to detect GFAP (green) and AQP4 (red) in the
cerebral cortices of DAG1 CKO and WT mice. DAG1 CKO mice have decreased AQP4 immunoreactivity
and increased GFAP immunoreactivity. j, Quantification of AQP4 coverage along astrocytic endfeet
relative to vessel length. AQP4 coverage along astrocytic endfeet was significantly reduced in DAG1
CKO mice relative to WT controls (n � 3). *p 	 0.05, ***p 	 0.001, Student’s t test. Error bars
indicate SEM. Scale bars, 50 �m (except in g).
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ance of endocytic vesicles. As the removal of dystroglycan
expression in neural cells leads to increased BBB permeability in
conjunction with a similar set of gliovascular cellular distur-
bances as in Lama2�/� brains, laminin– dystroglycan interac-
tions are likely to be mediating a significant portion of a
requirement for �2-containing laminins. However dystroglycan-
deficient brains may even be more profoundly compromised
than laminin-deficient brains, as Glut-1 distribution, though
normal in Lama2�/� cerebral vasculature, is perturbed in DAG1
conditional knock-outs. Together, these findings provide new
insight into the cell and molecular changes in the brains of people
with Lama2 mutations or with congenital dystroglycanophathies
in which muscular dystrophy is accompanied by seizures, cogni-
tive deficits, and neurodevelopmental disorders, such as autism.

Laminins, pericytes, and BBB maturation
In the current study, we provide evidence that Lama2�/� mice
have profound alterations in BBB development and function. For
example, Evans Blue dye from the circulatory system quickly
crosses into the brain parenchyma in Lama2�/� mice, with all
regions of the CNS examined thus far (the frontal cortex, stria-
tum, hippocampus, and cerebellum) exhibiting the “leaky brain”
phenotype. However, decreased pericyte coverage along the vas-
culature may underlie this increased BBB permeability, rather
than a failure of vascular endothelial cells to form tight junctions.
However, tight junctions in the Lama2�/� vasculature, although
present, may be functionally compromised to some degree as
they have various morphological abnormalities and decreased
levels of VE-cadherin, occludin, and claudin-5. Perturbed peri-
cyte coverage in Lama2�/� mice appears to be a developmental
defect, as it was observed from birth onwards until early adult-
hood. �-SMA levels were also lower in Lama2�/� brains, sug-
gesting that laminins normally contribute to VSMC maturation,

which is in agreement with a recent finding that astrocyte-derived
laminins promote VSMC maturation (Chen et al., 2013). A con-
ditional knock-out of �1-containing integrins in both pericytes
and VSMCs using PDGFR�-Cre resulted in decreased VSMC
differentiation, providing further support for a role for laminin
receptor interactions in promoting VSMC maturation (Abraham
et al., 2008). However, a separate more recent study, using the
mice that lack laminin expression selectively in astrocytes,
reported increased levels of �-SMA immunoreactivity associ-
ated with the cerebral vasculature, suggesting that laminins
can also suppress VSMC maturation (Yao et al., 2014). The
mechanism by which laminins could either decrease or in-
crease VSMC maturation remains unclear; however, these
studies clearly highlight laminins as key regulators of VSMCs.

In the cerebral cortex of adult Lama2�/� mice, we observed
inappropriate expression of MECA32 (i.e., Plvap), which nor-
mally associates with caveolae and regulates endothelial vesicular
trafficking (Komarova and Malik, 2010). MECA32 is found post-
natally in various tissues with fenestrated endothelium, but in the
brain MECA32 expression is strictly embryonic, with MECA32
loss coinciding with BBB maturation (Hallmann et al., 1995).
Coinciding with inappropriate MECA32 expression, we also
detected an overabundance of endocytotic vesicles in the vas-
culature endothelial cells of Lama2 �/� mice. Pericytes have
the ability to suppress Plvap expression (Daneman et al.,
2010b), indicating that the decreased pericyte coverage in
Lama2 �/� mice may result in dysregulation of vascular endo-
thelial cell transport mechanisms. Together, these findings
indicate a novel role for laminin �2 in the regulation of pericytes. In
addition, the loss of pericyte coverage in DAG1 conditional knock-
out mice closely mirrors that in Lama2�/� mice, suggesting that
pericyte defects observed in Lama2�/� mice, at least in part, are a
result of losing key gliovascular laminin–dystroglycan interactions.

Aqp4

Astrocyte

Endothelial cell
Pericyte

pBL

eBL

A

B

Wild Type Lama2-/-

BV

Pericyte

Figure 9. Overview of cellular and molecular changes in the BBB that occur in the absence of laminin �2 expression. A, Pericyte (red) coverage of the brain vasculature (green) is decreased in
Lama2 �/� mice. B, Laminin �2 is produced by astrocytes (purple) and, possibly, pericytes (red) at the gliovascular interface. In the absence of laminin �2 expression (Lama2 �/�), both
parenchymal (pBL) and endothelial (eBL) are present but contain breaches. Vascular endothelial cells in Lama2 �/� brains have elevated levels of endocytic vesicles, indicative of transcytosis and
BBB immaturity, and altered tight junction composition and morphology. Astrocytic processes appear hypertrophic in Lama2 �/� brains, with astrocytic endfeet lacking the appropriate polarization
of aquaporin4 (AQP4) channels (blue ovals).
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Laminin �2, as part of the laminin-211 heterotrimer, contrib-
utes to the parenchymal and composite BLs of large-caliber blood
vessels and capillaries, respectively (Sixt et al., 2001). Laminin �2
is produced by astrocytes and can be localized to astrocytic end-
feet that run along cerebral vessels, and thus is often referred to as
an astrocytic laminin. However, in the complete absence of
laminin-211 expression from astrocytes in laminin �1 condi-
tional knock-outs, laminin �2 protein is still observed in protein
lysates from the cerebral cortex, albeit at lower levels than nor-
mal, suggesting that other cell types in addition to astrocytes
contribute laminin �2 (Chen et al., 2013). Indeed, purified peri-
cytes from the CNS have been observed to express several ECM
proteins in culture, including laminin �2 (Daneman et al.,
2010a); intriguingly, in vivo studies suggest that, in the absence of
pericytes, laminin �2 protein levels at the gliovascular interface
are substantially lower (Jucker et al., 1996; Armulik et al., 2010).
And loss of laminin �1 gene expression from astrocytes did not
significantly impact PDGFR-� immunoreactivity along the vas-
culature of the CNS (Chen et al., 2013), in contrast to what was
observed in our study with a global loss of Lama2 expression from
all brain cells. Additionally, an astrocyte-specific conditional �1-
integrin knock-out resulted in a profound loss of astrocytic laminin-
111 and -211 expression; however, these �1-integrin astrocyte
knock-out mice had no change in BBB permeability (although peri-
cyte coverage per se was not addressed) (Robel et al., 2009). Thus, it
is worth considering in future studies whether the pericyte abnor-
malities observed in Lama2�/� brains reflects failed autocrine inter-
actions between pericytes and pericyte-secreted laminins, and
whether disturbances in brain vascular endothelial cells, at least in
part, result from a loss of laminin from pericytes.

Laminin regulates gliovascular ECM composition
An extensive network of ECM contacts all of the resident cell
types of the gliovascular interface facilitating both BBB structural
integrity and cellular communication. In the current study, we
observed structural defects (i.e., areas of discontinuous or
breached BL) in the parenchymal and endothelial BLs of large-
caliber blood vessels of Lama2�/� brains. However, it remains
unclear whether these breaches reflect a failure in BL develop-
ment or reflect a failure in BL maintenance. Furthermore, the
relative contribution of various laminin subunits appeared to be
altered in the Lama2�/� gliovascular interface, indicating that
the observed phenotypes could be quite complex and, in some
instances, may reflect changes in other laminin subunits that arise
as a secondary consequence of changes in laminin �2 expression.
Most strikingly in the Lama2�/� cerebral vasculature, we ob-
served decreased immunoreactivity of laminin �5. The laminin
�5 subunit is a key component of laminin-511, which along with
laminin-411 comprises the brain vascular endothelial laminins
(Sixt et al., 2001). Unlike laminin-411 expression, which is pres-
ent in embryonic brain vascular endothelial cells, laminin-511
expression appears later and can be found concentrated in areas
of high pericyte recruitment (Sixt et al., 2001). It remains unclear
whether the dysregulation of laminin-511 levels in Lama2�/�

brains is related specifically to the poor pericyte coverage or
simply may reflect the more global failure of brain vascular en-
dothelial maturity. Overall, these data support a role for �2-
containing laminins (i.e., laminin-211) in orchestrating the
integrity and composition of BLs, including the endothelial BL, at
the gliovascular interface.

Laminin and CNS immune surveillance
The CNS vasculature is a dynamic, yet highly controlled, system
that helps regulate the brain parenchyma. Normally, the vascula-
ture BL acts as a physical barrier to transendothelial migration of
leukocytes. In Lama2�/� mice, however, we observed leukocytes
in the brain parenchyma, indicating that peripheral immune cells
were inappropriately crossing the BBB. Laminin �5 has been
shown to negatively regulate the ability of T cells to extravasate
into the brain parenchyma during EAE (Wu et al., 2009), suggest-
ing that the relatively low level of laminin �5 seen in the
Lama2�/� brain vasculature may contribute to inappropriate
T-cell infiltration. The proteolytic cleavage of �-dystroglycan by
MMPs during EAE has also been shown to facilitate transendo-
thelial migration of leukocytes (Agrawal et al., 2006). In the
current study, we observed an increased level of cleaved
�-dystroglycan in Lama2�/� brains, suggesting that inappropri-
ate dystroglycan cleavage may contribute to the observed in-
creased T-cell extravasation. On the other hand, an increase in
dystroglycan cleavage may also result as a consequence of BBB
breakdown and the subsequent innate immune activation, as ac-
tivated microglia are known to secrete MMPs responsible for
dystroglycan cleavage (Agrawal et al., 2006). Additionally, im-
mune cell migration has been observed at sites devoid of pericyte
coverage, suggesting that the decreased pericyte coverage in
Lama2�/� mice contributes to T-cell migration into the brain
parenchyma (Wang et al., 2006; Voisin et al., 2010).

When the BBB is compromised, microglia, the resident
immune cells of the CNS, encounter “foreign” substances,
which result in microglial process contraction and activation.
Lama2�/� brains had more iba1� microglia, with many more of
them displaying an activated morphology indicating that micro-
glia had been activated by the presence of infiltrating immune
cells. As stated previously, MECA32, usually confined to embry-
onic brain vascular endothelial cells, was observed in Lama2�/�

brain vasculature at postnatal day 21 and even as late as postnatal
day 28 (data not shown). In pathological conditions, such as
Alzheimer’s disease and EAE, inflammation is known to trigger
reexpression of MECA32 in the compromised vasculature of the
CNS (Cannella et al., 1991; Engelhardt et al., 1994; Sparks et al.,
2000; Yu et al., 2012). Thus, inflammatory changes (e.g., in-
creased microglial cell activation) may contribute to reexpression
of MECA32 in Lama2�/� brains.

Laminin– dystroglycan interactions regulate astrocytic
endfeet architecture
Components of the DGC contribute to the establishment and
maintenance of appropriate astrocytic endfoot architecture with
polarized localization of homeostatic channels. In both Lama2
and conditional DAG1 mutants, we observed disturbances in the
polarized localization of AQP4, indicating that laminin binding
to dystroglycan is required to regulate AQP4 polarization. In
support of this, we found that, by blocking dystroglycan, or, to a
lesser extent, astrocyte �1-integrin, we significantly attenuated
the ability of cultured astrocytes to cluster AQP4 in response to
exogenously provided laminin. Additionally, in longer-term cul-
tures, with the absence of endogenously produced laminin �2,
astrocytes derived from Lama2�/� brains were defective in their
ability to form AQP4 aggregates and clusters (but were rescued by
exogenous laminin). Finally, although AQP4 distribution was
clearly different in Lama2�/� brains, we did not observe changes
in overall AQP4 protein levels, consistent with our hypothesis
that laminins influence AQP4 distribution but not AQP4 protein
production or stability. These findings support existing reports
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that other components of the DGC (e.g., dystrophin, syntro-
phins, and dystrobrevin) also regulate glial endfeet channel po-
larity, such that osmotic regulation and neuronal metabolism
are disturbed in their absence (Vajda et al., 2002; Amiry-
Moghaddam et al., 2003a, b; Noël et al., 2009; Lien et al., 2012). In
the current study, we also found that brain water content is in-
creased in Lama2�/� mice, providing further support for the
hypothesis that loss of AQP4 polarity contributes to osmotic
disturbances.

In conclusion, we identified new roles for laminin and dystro-
glycan at the CNS gliovascular interface, where laminin– dystro-
glycan interactions regulate BBB development, structure, and
function, at least in part by regulating pericyte coverage of brain
vascular endothelial cells. We furthermore provide the first re-
port of a specific role for �2-containing laminins (laminin-211)
in gliovascular BL structure and function, with implications for
the CNS pathologies that result from Lama2 mutations in con-
genital muscular dystrophies (MDC1A). We conclude that
laminin-mediated signals from nonendothelial cells, such as as-
trocytes and pericytes, underlie successful BBB development/
function, a finding that has implications for understanding the
connection between BBB breakdown and conditions with neuro-
degenerative pathology, including stroke, Alzheimer’s disease,
and multiple sclerosis. Future studies will be of interest to deter-
mine whether laminins act as extrinsic organizers of the spatial
arrangement of the gliovascular interface or directly modulate
cellular phenotypes through signaling mechanisms downstream
of adhesion receptors, such as dystroglycan.
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