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Glial dystrophin-associated proteins, laminin and agrin,
are downregulated in the brain of mdx mouse

Beatrice Nico'”*, Roberto Tamma'?, Tiziana Annese’, Domenica Mangieri’, Annamaria De Luca®, Patrizia Corsi?,
Vincenzo Benagiano', Vito Longo®, Enrico Crivellato®, Andrea Salmaggi” and Domenico Ribatti'

In this study, we investigated the involvement of dystrophin-associated proteins (DAPs) and their relationship with the
perivascular basement membrane in the brains of mdx mice and controls at the age of 2 months. We analyzed (1) the
expression of glial DAPs a—f-dystroglycan (DG), a-syntrophin, aquaporin-4 (AQP4) water channel, Kir 4.1 and dystrophin
isoform (Dp71) by immunocytochemistry, laser confocal microscopy, immunogold electron microscopy, immunoblotting
and RT-PCR; (2) the ultrastructure of the basement membrane and expression of laminin and agrin; and (3) the dual
immunofluorescence colocalization of AQP4/x-f-DG, and of Kir 4.1/agrin. The following results were observed in mdx
brain as compared with controls: (1) a significant reduction in protein content and mRNA expression of DAPs; (2)
ultrastructurally, a thickened and discontinuous appearance of the basement membrane and a significant reduction in
laminin and agrin; and (3) a molecular rearrangment of o—f-DG, coupled with a parallel loss of agrin and Kir 4.1 on
basement membrane and glial endfeet. These data indicate that in mdx brain the deficiency in dystrophin and dystrophin
isoform (Dp71) is coupled with a reduction of DAP components, coupled with an altered anchoring to the basement
membrane.
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The blood-brain barrier (BBB) controls the selective ex-  been described in BBB alterations, coupled with cytotoxic

12,13

changes between blood and neuropil by specific molecular
and structural features of its vascular and perivascular com-
ponents, including endothelial cells, pericytes, glial endfeet
and basement membrane.'™ Glial cells have a key role in the
control of BBB development and integrity. They express in a
polarized way, on their perivascular endfeet, carrier mem-
branes and channel proteins, including aquaporin-4 (AQP4)
water channel and potassium channel Kir 4.1, which are
responsible for the water flow rate and spatial K* buffering
control.* In the retina, AQP4 colocalizes with Kir 411
suggesting a tight cooperation between the water flux and
K" siphoning generated by neuronal activity at the BBB
interfaces. Moreover, AQP4 and Kir 4.1 rearrangement has

edema and K" -delayed buffering capacity.

AQP4 has a crucial role in the regulation of the inter-
actions occurring between endothelial and glial cells and
between glial cells and the extracellular matrix compo-
nents. AQP4 is a component of the orthogonal aggregate
particles (OAPs), demonstrated by freeze fracturing on
the ependimoglial membrane and perivascular glial endfeet,"*
the development of which occurs in parallel with AQP4
glial endfeet expression and BBB maturation.” Moreover,
OAPs contain AQP4 associated with Kir 4.1'? and their
polarized distribution on the glial endfeet seems to be
dependent by the presence of the perivascular basement
membrane.”” AQP4 controls BBB functioning, modifying
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its expression and polarization when BBB is damaged
with a consequent increase in vascular permeability and
edema.”'®"”

AQP4 is also a component of the dystrophin-associated
proteins (DAPs) complex, including dystroglycan (DG),
syntrophin, dystrobrevin and sarcoglycans associated with
dystrophin or its homolog utrophin. This complex has been
extensively investigated in muscle cells, in which it is linked
to the extracellular matrix of the sarcolemma, providing
structural integrity during contraction.'® DAPs are also
present in the glial endfeet with the short dystrophin Dp71,
which is the dystrophin isoform most expressed in the
brain,'”** whereas other isoforms, such as Dp140 and the
427 full length, are, respectively, expressed by microvessels
and neurons.'”*"*~% Moreover, distribution of AQP4 and
Kir 4.1 is similar to that of DAPs,'»**?” and both proteins
interact with a-syntrophin by their postsynaptic density-95,
discs large, zonula occludens-1 (PDZ) domain, establishing
an important link with actin cytoskeleton.”*?’

AQP4 colocalizes with o—f-DG proteins,3 9 which, in turn,
are receptors for the basement membrane proteins laminin
and agrin.*®*>*! Furthermore, laminin and agrin induce
AQP4 and Kir 4.1 clustering mediated by the DG complex on
the glial membranes.”

DAPs and dystrophin proteins are absent or reduced in
both skeletal muscle and in the brain of patients affected by
Duchenne muscular dystrophy (DMD), a genetic disease
caused by mutations in the X-linked dystrophin gene, and
in mdx mice,”* an animal model of the human disease.’>>°
Besides the serious alterations affecting the neuromuscular
systems, cognitive defect and brain abnormalities have also
been described in a large number of DMD patients and in
mdx mice.”*’

In the past, we have extensively investigated BBB altera-
tions in mdx mice, involving an increment in vascular per-
meability associated with structural and molecular alterations
in endothelial and glial cells with AQP4 reduction and
edema.”® Moreover, we have demonstrated that mdx BBB
alterations are coupled with a significant reduction in the
short dystrophin isoform (Dp71) at glial endfeet during
development,39 an increased immunoreactivity to vascular
endothelial growth factor (VEGF) in neurons and to VEGF
receptor-2 (VEGFR-2) in cerebral endothelial cells,*’ a high
expression of matrix metalloproteinases (MMPs) in the mdx
brain.*' Finally, we have shown that, in the brain of mdx
mouse, hypoxia-inducible factor-1a is activated in neurons
and astrocytes.*” This activation contributes through the
upregulation of VEGF in neurons and of VEGFR-2 in
endothelial cells, associated with a decreased expression and
enhanced phosphorylation of the tight junction ZO-1
protein, to an increase in both angiogenesis and vascular
permeability.**

To further elucidate the role of perivascular glial cells and
their relationships with the extracellular matrix in the mdx
brain, in this study we have investigated the involvement of
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DAPs, namely, AQP4, a—f3-DG, Kir 4.1, a-syntrophin and
dystrophin isoform (Dp71), and their relationship with
vascular basement membrane components laminin and agrin
by immunocytochemistry, confocal laser microscopy and
immunogold electron microscopy. We have also evaluated
their protein content and gene activity by immunoblotting
and real-time polymerase chain reaction (real-time PCR).

MATERIALS AND METHODS

Animals

A total of 20 mice, 10 mdx (C57BL/10ScSn mdx, Jackson
Laboratory, Bar Harbor, ME, USA) and 10 control mice
(C57BL/10ScSn) aged 2 months, were killed by cervical dis-
location; their brains were removed, divided into two parts
and used in parallel for morphological and biochemical
analysis. All experiments have been conformed to local
and international guidelines on the ethical use of animals,
and the number of animals used and their suffering have
been minimized.

Fixation and Preparation of Tissue

Small pieces of brain cortex were fixed (i) in 4% paraf-
ormaldehyde in 0.1M phosphate buffer for immuno-
histochemical investigation, immunofluorescence and
confocal laser microscopy; and (ii) in 0.1 M phosphate-buf-
fered 0.5% glutaraldehyde for the immunoelectron micro-
scopic study. In addition, some small pieces of brain cortex
were coated with OCT-mounting media and frozen in iso-
pentane cooled by liquid nitrogen for immunofluorescence
and confocal laser microscopy. Three mdx and three control
mice were anesthetized with pentobarbital and perfused with
Ringer’s, followed by 2% paraformaldehyde and 2% glutar-
aldehyde in 0.1 M phosphate buffer. The brains were then
removed and small pieces of brain cortex were postfixed in
the same fixative for 2 h, rinsed with 0.1 M phosphate buffer
and finally processed for electron microscopy (see below).

Electron Microscopy

The specimens were postfixed with 1% osmium tetroxide,
dehydrated in an ascending ethanol series and embedded
in Epon 812. Semithin sections were cut for orientation
purposes and stained with toluidine blue. Thereafter, 60 nm
ultrathin sections were cut with a diamond knife on an LKB
V ultratome, stained with uranyl acetate and lead citrate and
examined with a Zeiss EM109 electron microscope (Zeiss,
Oberkochen, Germany).

Quantitation of Perivascular Basement Membrane
Thickness and Glial Endfeet Coverage

Thirty electron micrographs at a magnification of x 7000
and x 30000, containing transversely cut microvessels,
were chosen for each control and dystrophic mouse. On
each microvessel, the number of unswollen and swollen glial
endfeet, basement membrane thickness and the percentage
of abluminal vascular surface covered by basement
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membrane and glial endfeet were evaluated by computer-
aided analysis. Morphometric analysis was performed
using an electronic pen connected to a graphic tablet
(Digicad Plus Kontron-Elektronic, GmbH, Germany) and
to a VIDAS 2.5 computerized image analyzer (Kontron
Elektronic). The mean value in each micrograph, the final
mean value for all micrographs of the control and dystro-
phic mice, as well as s.d., were calculated. The statistical
significance of the difference between the mean values of
the control and dystrophic specimens was determined by
Student’s #-test.

Immunogold Electron Microscopy
Fixed specimens measuring 3 mm’ obtained from the fronto-
parietal brain cortex were rinsed with 10 mM ammonium
chloride in 0.1 M PBS for 45 min, dehydrated in an ascending
ethanol series up to 70% ethanol and embedded in acrylic
resin LR-Gold (London Resin, Reading, UK) with 0.8% SPI-
ChemT Benzil (London Resin). The resin was hardened at
—25°C under the light of a 500 W halogen lamp. In all,
60 nm-thick sections from II to IV cortical layers, previously
identified on toluidine blue-stained semithin sections, were
cut with an LKB V ultratome and collected on formvar-
coated nickel grids. The grids were incubated for 10 min at
room temperature with Tris-buffered saline (TBS) buffer and
then treated for 4 min with 0.1% trypsin in TBS, pH 7. After
rinsing with TBS, the grids were treated with 1% BSA-TBS,
pH 7.4, for 10 min at room temperature to block nonspecific
reactions. The sections were incubated at room temperature
overnight with primary mouse anti-f-DG (Novocastra,
Newcastle, UK) and mouse anti-o-DG antibody (Chemicon
International, Temecula, CA, USA) diluted 1:20, washed
with TBS and incubated for 1h at room temperature with
secondary antibodies (goat antimouse IgG coupled to 6, 15
and 20nm gold particles). The primary antibodies used in
this study are listed in Table 1.

After washing with TBS, the grids were stained with
1% uranyl acetate, followed by 1% lead citrate and examined
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with a Zeiss EM 109 electron microscope (Zeiss). A
preimmune mouse serum (Dako, Milan Italy) replacing the
primary antibodies served as a negative control.

Dual Immunofluorescence Confocal Laser Scanning
Microscopy

Deparaffinized brain sections and cryosectioned samples
12um thick obtained from three mdx and three control
brains were used. The sections were incubated for 30 min in
a blocking buffer (BB; phosphate-buffered saline (PBS),
pH 7.4, 1% bovine serum albumin, 2% fetal calf serum),
and exposed to the following primary antibodies: (i) mouse
antiagrin 131 monoclonal antibody (Stressgen Bioreagents,
Victoria, BC, Canada) and rabbit antilaminin polyclonal

Table 2 Primer sequences for real-time PCR

AGR/S 5-CCTCGTGTCTGTGTCCTAC-3
AGR/A 5'-AAGATGTGCTCCTGGTTGG-3'
DGa/S 5'-GCCTTCTCCAATGXTCTG-3'
DGa/A 5'-TCCTCACTGCTCTTCTCG-3
LAM/S 5'-AAGAAGGCGACTGTAAGG-3
LAM/A 5'-TGACTGTGGAGATGTTGG-3
AQP4/S 5'-GAGTATGTCTTCTGTCCTG-3
AQP4/AS 5-ACGGTCAATGTCAATCAC-3

KIR 4.1/S 5'-CGCTAAGGTCTATTACAGTCAG-3'
KIR 4.1/AS 5'-TGCTCCATTCTCACATTGC-3
ACTIN/S 5'-ACCACACCTTCTACAATGAG-3
ACTIN/AS 5'-ACGACCAGAGGCATACAG-3
DGp/S 5'-AGGACACCACCACTGACAAG-3
DGp/A 5'-GCATCCACAGCCGACAGG-3'
aSYN/S 5'-AAGGAGGTTGTGTTGGAGGTTAAG-3
aSYN/AS 5'-GCGAGGCAGGAGGTGAGTC-3

Table 1 Primary antibodies used for immunogold electron microscopy

Protein Catalog number  Species
o DG $c-53986 Mouse
p DG NCL-b-DG Mouse
Agrin AGR-530 Mouse
Laminin 2233PLA Rabbit
AQP4 5c-20812 Rabbit
Kir 4.1 $C-23637 Goat
Dp71 (pan-specific antibody) MANDRA1 Mouse
a-Syntrophin sc-13757 Goat

Dilution immunofluorescence

Dilution immunohistochemistry ~ Source

1:20 Chemicon Int.
1:500 Novocastra

1:5 1:5 Stressgen Bio.
1:25 1:25 Euro-Diagnostica
1:50 1:25 Santa Cruz Bio.
1:20 1:100 Santa Cruz Bio.
1:20 Sigma

1:20 Santa Cruz Bio.
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antibody (Euro-Diagnostica, Malmo, Sweden), diluted 1:5
and 1:25, respectively, in BB overnight at 4°C; (ii) rabbit
anti-AQP4 (Santa Cruz Biotechnology) and goat anti-Kir 4.1
(Santa Cruz Biotechnology) polyclonal antibodies diluted
1:25 and 1:20, respectively, in BB overnight at 4°C; (iii)
mouse anti-agrin-131 and goat anti-Kir 4.1 antibodies di-
luted 1:10 and 1:50, respectively, in BB; (iv) rabbit anti-AQP4
and mouse anti-f-DG monoclonal antibodies (Novocastra)
diluted 1:50 and 1:500, respectively, in BB overnight at 4 °C;
(v) rabbit anti-AQP4 and mouse anti-o-DG monoclonal
primary antibodies (Chemicon International) diluted 1:100
and 1:20, respectively, in BB overnight at 4 °C; (vi) rabbit
anti-AQP4 and mouse antidystrophin isoform (Dp71)
(Mandra 1, Sigma) diluted 1:25 and 1:20, respectively, in
BB overnight at 4 °C. Mandra 1 antibody strongly stains the
full-length dystrophin in the muscle, whereas in the brain it
recognizes the 71-kDa protein;22 (vii) rabbit anti-AQP4 and
goat anti-o-syntrophin (Santa Cruz Biotechnology) diluted
1:25 and 1:50, respectively, in BB overnight at 4 °C. After
washing in PBS, the sections were incubated for 2 h with the
following secondary antibodies: (i) Alexa Fluor 488 goat
antimouse (Invitrogen, Carlsbad, CA, USA) and Alexa Fluor
555 goat antirabbit antibodies (Invitrogen) diluted 1:300
in BB for agrin and laminin dual localization; (ii) Alexa
Fluor 488 goat antirabbit and Alexa Fluor 568 donkey
antigoat (Invitrogen) antibodies diluted 1:200 and 1:300
in BB, respectively, for AQP4 and Kir 4.1 and AQP4 and
o-syntrophin dual localization; (iii) Alexa Fluor 555 goat
antimouse antibody diluted 1:300 and Alexa Fluor 488
donkey antigoat antibody diluted 1:200 for agrin and Kir 4.1
dual localization; (iv) Alexa Fluor 555 goat antirabbit and
Alexa Fluor 488 goat antimouse diluted 1:400 in BB for
AQP4 and B-DG dual localization; (v—vi) Alexa Fluor 555
goat antirabbit and Alexa Fluor 488 goat antimouse diluted
1:300 and 1:200, respectively, in BB for AQP4 and «-DG,
AQP4 and dystrophin isoform (Dp71) dual localization. All
samples were incubated for 5min with 0.01% TO-PRO-3
(Invitrogen) for nuclear staining and mounted in Vectashield
(Vector Laboratories, Burlingame, CA, USA). Negative
controls, obtained by substituting primary antibodies with
normal mouse serum for agrin, o—f-DG and dystrophin
isoform (Dp71), substituting normal rabbit serum for lami-
nin and AQP4 (Santa Cruz Biotechnology) and normal goat
serum for Kir 4.1 and a-syntrophin (Chemicon Interna-
tional), showed no staining of the sections. The sections were
examined under a Leica TCS SP2 (Leica, Wetzlar, Germany)
confocal laser scanning microscope using 40 X and 63 x
objective lenses with either 1x or 2Xx zoom factors.
A sequential scan procedure was applied during image
acquisition of the two fluorophores. Confocal images were
taken at 200 nm intervals through the z axis of the section
covering a total depth of 10 pum. Images from individual
optical planes and multiple serial optical sections were
analyzed, digitally recorded and stored as TIFF files using Adobe
Photoshop software (Adobe Systems, San Jose, CA, USA).
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Laminin, Agrin, Kir 4.1 and AQP4 Immunohistochemistry
Histological sections of 5um thickness, collected on poly-
L-lysine-coated slides (Sigma Chemical, St Louis, MO, USA),
were deparaffinized and stained with a three-layer avidin-
biotin-immunoperoxidase system technique. The sections
were rehydrated in a xylene-graded alcohol scale and then
rinsed for 10 min in 0.1 M PBS. For laminin immunodetec-
tion, sections were treated with 2.5% ficin (Sigma Chemical)
in PBS for 5min at 37 °C, and then exposed to polyclonal
rabbit anti-laminin (Euro Diagnostica, Malmo, Sweden)
diluted 1:25, in PBS overnight at 4°C. For agrin, Kir 4.1
and AQP4 immunodetection, the sections were incubated,
respectively, with monoclonal mouse anti-agrin-131 (Stress-
gen Bioreagents, Victoria, BC, Canada), polyclonal goat
anti-Kir 4.1 and polyclonal rabbit anti-AQP4 (Santa Cruz
Biotechnology), primary antibodies diluted 1:5, 1:100, 1:25,
respectively, in PBS overnight at 4°C. After 3 x 5min
washings in PBS, the sections were incubated with biotiny-
lated swine antimouse, rabbit and goat Ig (Multi-Link, Dako,
Milan) diluted 1:150 in PBS for 1 h at room temperature, and
with streptavidin—peroxidase conjugate (Dako) diluted 1:150
in PBS for 30 min at room temperature. Immunodetection
was performed in distilled water with AEC substrate kit
for peroxidase (Vector Laboratories) for 40 min at room
temperature. Thereafter, the sections were washed in distilled
water, counterstained with Gill’s hematoxylin number 2
(Polysciences, Warrington, PA, USA) and mounted in buf-
fered glycerin. Specific preimmune serum (Dako) replacing
the primary antibodies served as a negative control.

Real-Time PCR
cDNA was amplified with iTaq SYBR Green supermix
using a ROX kit (Bio-Rad Laboratories, Hercules, CA, USA)
and PCR amplification was performed using the Chromo4
real-time PCR Detection System (Bio-Rad Laboratories).
The expression of messengers for agrin, a—f-DG, laminin,
AQP4, Kir 4.1, a-syntrophin and actin as housekeeping gene
was evaluated by real-time PCR. The primer sequences, all
with 60°C of annealing temperature (Operon Biotechno-
logies GmbH, Cologne, Germany), are reported in Table 2.
The amplification process includes 40 cycles, each con-
sisting of these three steps: (i) incubation at 95 °C for 3 min;
(ii) incubation at 95°C for 15min; and (iii) annealing and
extension at 60 °C for 30 min. Therafter, the last cycle, the
melting curves analysis, was performed at 55-95 °C interval
by increasing the temperature by 0.5°C. The fold change
values were calculated according to the Pfaffl method.*’

Western Blot

Brains of three mdx and three control mice were homo-
genized with a Polytron apparatus in a lysis buffer containing
20 mM Tris HCI pH 7.5, 1% Triton X-100, 1% NP-40, 2 mM
MgCl2, 5mM EDTA, 150mM NaCl, 0.2mM phenyl-
methylsulfonyl fluoride, 1mM NaV04, 10mM NaF and
protease inhibitors. After centrifugation at 1000 g for 10 min,
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Figure 1 (a-d) Ultrastructural analysis of mdx (a-c) and control (d) vessels. (a-c) Mdx vessels lined by irregular endothelium alternating thick (a, arrow) and
thin cytoplasmic regions (arrowhead), surrounded by perivascular spaces (a, asterisk), subtended by discontinuous basement membrane, lacking in some
tracts, (b, arrowhead) in which a glial endfoot (g) faces a pericyte protrusion (p). (c) Mdx vessel subtended by thickened basement membrane (arrow)
enveloped by a swollen glial endfoot (asterisk). (d) Control vessel lined by flattened endothelial cells (e) and surrounded by a continuous basement
membrane (arrowhead) and glial endfoot containing glycogen granules (asterisk). (e-h) Immunohistochemical expression of laminin and agrin in mdx (e, g)
and control (f, h) vessels. Laminin (e, f) and agrin (g, h) are faintly and discontinuously expressed on the abluminal sides of mdx vessels (e, g insets, arrows)
and strongly expressed in the control ones (f, h insets, arrows). (i-I) Immnunohistochemical expression of Kir 4.1 and AQP4 in mdx (i, k) and control (j, I)
vessels. (i, k) Mdx vessels display a discontinuous and puntiform staining (i, arrow) for Kir 4.1 and rod (k, arrow) for AQP4 proteins. (I, n) Control vessels
intensely and uniformly labeled by antibodies anti-Kir 4.1 (j) and anti-AQP4 (l) proteins. Scale bar: a, 0.57 um; b-d, 0.33 um; e, g, h, 50 um; f, 40 um; e-h inset

25 pum; i-k, 12.5 um.

the protein concentration of the supernatant was determined
using the detergent compatible Bio-Rad DC protein assay
(Bio-Rad Laboratories). For immunoblotting, 60 ug per lane
of protein extract was solubilized in Laemmli buffer, boiled
at 90°C for 5min and resolved on a 7.5% polyacrylamide
gel; thereafter, the proteins were electrotransferred to a nitro-
cellulose membrane (Amersham Bioscience, Buckingham-
shire, UK). Blots were blocked with PBS BB containing 5%
non-fat dry milk for 1h and incubated for 2 h with the fol-
lowing primary antibodies: rabbit anti-AQP4 (Chemicon)
diluted 1:1000, rabbit anti-Kir 4.1 (Chemicon) diluted 1:400,
mouse anti-¢-DG diluted 1:200 (Santa Cruz), mouse anti-
p-DG diluted 1:50 (Novocastra), mouse anti-agrin-131
(Stressgen Bioreagents) diluited 1:1000, goat anti-o-syn-
trophin (Santa Cruz Biotechnology) diluted 1:1000, mouse
anti-Dp71 (Clone Mandra 1-Sigma Aldrich), and mouse
anti-f-actin (Santa Cruz) diluted 1:1000. After the primary
antibody treatment, the membranes were washed 4 x for
5min each at RT in PBS+0.1% Tween-20 before the
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addition of secondary antibodies. PBS and 0.1% Tween-20-
diluted secondary antibodies (antimouse, rabbit and goat)
were IRDye labeled (680/800CW) (LI-COR Biosciences,
Lincoln, NE, USA). For immunoblot analysis, the Li-cor
Odyssey infrared imaging system was used (LI-COR).

The western blot images were analyzed by imaging
densitometry using Quantity One Software (Bio-Rad
Laboratories) and compared with actin. The data were
expressed as optical density x mm”.

RESULTS

Electron Microscopy

In mdx brain, vessels showed ultrastructural alterations. They
were lined by irregular endothelium, alternating thin and
thick cytoplasmic regions containing vesicles and vacuoles
(Figure la). The endothelial abluminal side was subtended
by a discontinuous basement membrane enveloping
pericytes, or lacked it (Figure 1b), and was surrounded by
large perivascular spaces (Figure 1la, asterisk), or displayed
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Laminin Laminin

mdx

ctr

Figure 2 Confocal dual immunofluorescence reaction of agrin (green) and laminin (red) in mdx (a-c) and control vessels (d-f). (a-c) Mdx vessel showing a
discontinuous expression of both agrin (green) and laminin (red), with tract expressing both proteins (a, red arrow), and others expressing only agrin (a, b, arrow)
or laminin (a, ¢, red arrow). (d-f) Control vessel showing a continuous green and red signal of both proteins for its entire surface. Scale bar: a—f, 15.8 um.

Kir4.1 : Kir4.1

mdx

ctr

Figure 3 Confocal dual-immunofluorescence reaction of AQP4 (green) and Kir 4.1 (red) in mdx (a—c) and control vessels (d-f). (a, ¢) A light merge orange
signal of colocalizing AQP4 and Kir 4.1 is detectable along an mdx vessel (a, arrow), in which labeled tracts alternate with unlabeled ones (a, arrowhead).
(d-f) An intense orange staining of both AQP4 and Kir 4.1 is present along the entire vascular wall. Scale bar: a—f, 25 pm.

a thick basement membrane facing the perivascular glial continuous basement membrane (Figure 1d). In mdx brain,
endfeet (Figure 1c), whereas in controls, the vessels the perivascular glial coverage was reduced and modified,
were lined by regularly flattened endothelial cells and by  because some vessels were only partially enveloped by
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AQP4

Figure 4 Confocal dual immunofluorescence reaction of AQP4 (red) and a-syntrophin (¢-Syn) (green) in mdx (a—c) and control vessels (d—f). The vessels
show a merge fluorescence signal of AQP4 and a-syntrophin colocalization, which is light and discontinuous along the mdx vascular surface (a-c) and
strongly uniform in the control one (d—f). Note in (a) (arrowhead), unlabeled vessel tract alternates with orange tracts expressing both AQP4 and

a-syntrophin (a-c arrow). Scale bar: a-c, 15.8 um; d—f, 25 um.

glial endfeet, swollen and devoid of glycogen granules and
organelles (Figure 1c), and other ones were surrounded by
enlarged, apparently empty, perivascular spaces (Figure la).
In controls, a flat sheath of glial endfeet characterized
by electron-lucent cytoplasm containing glycogen granules
entirely covered the vascular wall (Figure 1d).
Morphometric analysis showed that the basement mem-
brane was thicker and covered only 43% of the abluminal
vascular surface in mdx mice as compared with control ones
(Table 1). Moreover, the number of swollen glial endfeet and
the percentage of abluminal vascular surface covered by glial
endfeet were significantly higher and, respectively, lower in
the mdx mouse as compared with the control one (Table 1).

Laminin and Agrin Expression

In mdx brain, some tracts of the vessel wall were completely
devoid of laminin (Figure le) or agrin (Figure 1g), whereas
others were faintly labeled (Figures le and g insets, arrow). In
controls, the abluminal side of the vessel wall was uniformly

stained by both anti-laminin and anti-agrin antibodies, as
shown in Figures 1f and h (at low and high magnification
(insets, arrow).

After dual confocal immunofluorescence reaction, in mdx
brain, the vessel wall showed a discontinuous expression of
both agrin and laminin and only short tracts expressed both
proteins (Figures 2a—c), whereas other tracts appeared un-
labeled, or expressed only agrin (Figure 2b) or laminin
(Figure 2¢). In controls, both proteins showed a separate
signal and a continuous staining pattern (Figures 2d—f).

AQP4, Kir 4.1 and «-Syntrophin Expression

In mdx brain, a discontinuous rod AQP4 staining
(Figure 1k) and a faint and puntiform expression of Kir 4.1
(Figure 1i) were recognizable on the abluminal side of
the vessel wall. On the contrary, in controls, both AQP4
and Kir 4.1 showed an intense and uniform staining
(Figures 1j and I).
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Agrin\Kir 4.1

Agrin

Figure 5 Confocal dual immunofluorescence reaction of agrin (red) and Kir 4.1 (green) in mdx (a—c) and control vessels (d-f). A red fluorescence signal
separated by a green signal is present around the vessels with a discontinuous dotted (a, b green arrow) and rod (a, ¢ red, arrowhead) pattern expression in
the mdx vessel (a-c) and with an intensely uniform expression for both Kir 4.1 (d, e, arrow) and agrin (d, f, arrowhead) in controls. Note in panels a, b, ¢
(arrowhead), vessel tract lacking both Kir 4.1 green and agrin red signal. Scale bar: a—-f, 15.8 um.

After dual confocal immunofluorescence reaction of
AQP4 and Kir 4.1, in mdx brain, only some vascular tracts
showed a merge fluorescent signal of colocalization, whereas
other tracts were devoid of both AQP4 and Kir 4.1 signals
(Figures 3a—c). In controls, an orange intense staining,
indicating expression of a colocalization of both proteins, was
recognizable along the entire vascular wall (Figures 3d and e).

The same pattern of expression and the same difference
between mdx and control brain were detectable after dual
confocal immunofluorescence reaction between AQP4 and
a-syntrophin proteins, showing a light merge colocalization
signal in short vessel tracts alternating with unlabeled ones in
the mdx brain (Figures 4a—c) and a strong and continuous
orange signal throughout the vessel surface in the control
ones (Figures 4d—f).

Kir 4.1 and Agrin Expression

In mdx brain, a reduction in both Kir 4.1 and agrin separate
fluorescence was observed, and Kir 4.1 green signal was lost
in the same vascular tracts in which agrin fluorescence
signal was absent (Figures 5a—c). In controls, an intense
fluorescence signal of both Kir 4.1 and agrin, which were
uniformly expressed, but not colocalized around the vessel
wall, was recognizable (Figures 5d—f).
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AQP4 and «-f-DG Expression

In mdx brain, AQP4 and o—f-DG were not completely
colocalized along the abluminal surface, with some tracts in
which both proteins displayed a separate expression and
others showing light and discontinuous merge fluorescence
(Figures 6a—c, for a-DG and Figures 7a—c, for f-DG). Dif-
ferently in controls, AQP4 and «—f-DG showed a continuous
and intense orange fluorescence signal (Figures 6d—f for
o-DG and Figures 7d—f for f-DG) for the entire vessel surface.

a~f-DG Immunogold Electron Microscopy

In mdx brain, both a- and $-DG gold particles were scattered
in the cytoplasms of swollen glial endfeet (Figures 8a and c),
whereas rare gold particles were observed attached to the glial
membrane enveloping subendothelial basement membranes.
In controls, numerous gold particles of both a- and f-DG
were attached on the glial membranes facing the basement
membrane (Figures 8b and d).

AQP4 and Dystrophin Isoform (Dp71) Expression

In mdx brain, the vessels displayed a merge fluorescent signal
with a reduction in both dystrophin isoform (Dp71) green
and AQP4 red staining on the abluminal sides (Figures 9a—c).
In controls, vessels showed a strong orange fluorescence with
a uniform expression of both proteins, which colocalized in
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Figure 6 Confocal dual immunofluorescence reaction of AQP4 (red) and «-DG (DG, green) in mdx (a—c) and control vessels (d-f). (a—c) AQP4 red and a-DG
green fluorescence showed a light orange colocalizing signal in a short mdx vessel tract (a, arrow) and a separate AQP4 (a, ¢, red arrow) and «-DG
(a, b, green arrow) signal in other tracts. (d-f) A uniformly orange fluorescence is present along the entire control vessel surface. Scale bar: a—f, 25 um.

the perivascular glial endfeet (Figures 9d—f). Table 3 shows
quantitation of alterations in perivascular glial endfeet and
basement membrane in mdx and control brain.

Real-Time PCR Analysis

We investigated the messenger expression of both DAP genes
AQP4, Kir 4.1, o—f-DG, a-syntrophin and laminin and agrin
in mdx and control brain. As we found by real-time PCR
experiment (Figure 10a), the entire messenger analyzed was
downregulated in mdx brains with respect to controls.

Western Blotting Analysis

To study whether the altered gene expression observed in
mdx mice leads to a protein level variation, we performed a
western blotting analysis of DAPs AQP4, a—f-DG, Kir 4.1,
syntrophin and laminin and agrin in mdx and control
brains. The result of the experiment showed a significant
downregulation of all mdx brain analyzed proteins with
respect to controls (Figure 10b). Further, the level of the short
dystrophin isoform (Dp71) protein in mice was lower in mdx
brain as compared with the control one (Figure 10c).

DISCUSSION

In this study, we have demonstrated for the first time that in
the brain of mdx mice, glial cells showed a significant
reduction in both protein and mRNA content of the DAPs,
including AQP4, Kir 4.1, syntrophin and o—f-DG, coupled
with a decrease in dystrophin isoform (Dp71). Moreover, we
have shown alterations of the vascular basement membrane
and reduction of the expression of its components laminin
and agrin and translocation of o—f-DG receptors in the glial
cytoplasmic endfeet.

DAP complexes, including AQP4, Kir 4.1 protein, DG and
syntrophin, are a group of proteins that link the cytoskeleton
to the extracellular matrix. In the brain, they are mainly
expressed in perivascular astrocytes and in choroid plexuses,
suggesting a potential role in water homeostasis, regulation of
transport mechanisms across BBB and cerebrospinal fluid
production.”'®!*?1%4 Mutations of DAPs are involved in
muscular dystrophy,*® and are responsible for structural and
biochemical changes in the brain.*® The dystrophin isoform
Dp71 is localized in the perivascular glial endfeet, in which it
is involved in BBB maturation®>*’ and in the clustering of
the AQP4 water channel on the astrocyte glial membranes.*®
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AQP4\
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Figure 7 Confocal dual immunofluorescence reaction of AQP4 (red) and f-dystroglycan (DG) (green) in mdx (a—c) and control vessels (d—f). (a—c) Mdx vessel
showing an orange fluorescence of AQP4 and f3-DG coexpression (a, arrow) alternating with unlabelad areas, (a, arrowhead). A green f-DG fluorescence (a, ¢
green arrow) separated by a red AQP4 fluorescence (a, b) is well evident along a vessel tract. (d-f) Control vessel showing a strong merge fluorescence of

AQP4 and f$-DG colocalization. Scale bar: a—f, 25 pm.

AQP4 controls BBB functioning and integrity, because its
expression parallels BBB development and is altered after
BBB damage.”** AQP4 expression on the perivascular pro-
cesses of astrocytes is correlated to the ability of astrocytes
to remove K™ excess from the extracellular clefts by active
and passive uptake and K flux.">*® Nagelhus et al’ de-
monstrated that Miiller cells showed higher AQP4 content in
the astrocytic endfoot and that the distribution of AQP4 was
coupled with the K™ channel protein Kir 4.1. This latter
clustered on glial membranes only in the presence of Dp71.*
In fact, in the retina of Dp71 knockout mice, both AQP4 and
Kir 4.1 expression levels are decreased and mislocated around
blood vessels.”"

AQP4 is also associated with Kir 4.1 and with other
components of DAPs,**** such as o-syntrophin, which
anchored AQP4 in a polarized way on the astrocytic mem-
branes facing the vessels by interaction of its PDZ domain
with the C-terminal SSV residues of AQP4.1*°%%® Further-
more, o-syntrophin-null mice showed AQP4 reduction and
redistribution and delayed K™ clearance,"*”"! suggesting that

a correct link between AQP4 proteins and DAPs is necessary
for an efficient K™ removal.

In accordance with these data, in this study, we have found
in control mice by dual confocal immunofluorescence that
AQP4 colocalized with Kir 4.1 and o-syntrophin and with
dystrophin isoforms (Dp71) and that these proteins were
strongly expressed by perivascular glial endfeet, which
uniformly enveloped the vessel wall. Even if the antibody
used in our study is considered a pan-specific antibody that
recognizes only Dp71 in brain, which recognizes all the DMD
gene products, we have demonstrated by immunoblotting
that, in the brain, this antibody recognized specifically the
short isoform Dp71, with a significant reduction in its con-
tent in the mdx mouse, as demonstrated by Lederfein et al.**

Otherwise, we demonstrated for the first time in dys-
trophic vessels a parallel decrease in all these proteins,
showing a significant reduction at both transcriptional and
transductional levels, and a faint and discontinuous expres-
sion by perivascular glial endfeet. These results confirm
the functional interaction of these proteins, as has been
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Figure 8 Immunogold electron microscopy showing ultracytochemical localization of a-dystroglycan (DG) and -DG in mdx (a—c) and control (b-d) vessels.
(a, ©) mdx vessels showing a-DG (a, arrowhead) and f-DG (c, arrowhead) gold particles scattered in the cytoplasms of swollen glial endfeet (a, ¢, asterisk).
Note isolated gold particles of both «-DG (a, arrow) and -DG (c, arrow) attached on the glial membranes facing the thick basement membrane (b),
enveloping endothelial cells (e). (b, d) Control vessels showing numerous «-DG (b, arrow) and -DG (d, arrow) gold particles decorating the glial endfeet
(b, asterisk) facing the thin basement membrane (d, arrowhead) enveloping the vessels. e, endothelial cell. Scale bar: a-¢, 0.21 um; d, 0.16 um.

demonstrated in other brain diseases.’®* Moreover, we have
observed that even if AQP4 and Kir 4.1 reduced their protein
content, they maintained a polarized expression on the
perivascular glial endfeet, suggesting that a similar molecular
mechanism is involved in membrane clustering for both
proteins. Otherwise, in the retina of Dp71-null mice, AQP4
expression was reduced, whereas Kir 4.1 expression was
unaffected,'’ and the deletion of a-syntrophin gene caused
AQP4 reduction of AQP4 in Muller cells, but not of Kir 4.1.°
These discrepancies could be explained by the fact that, in the
madx brain, 427 full-length dystrophin alone was completely
lost, whereas the other isoforms, including Dp71 and syn-
trophin, were decreased, but preserved their link with AQP4
and Kir 4.1.

Moreover, we have previously demonstrated in mdx
brain a significant reduction of AQP4 and dystrophin
isoform (Dp71) in the glial endfeet in mdx embryos and
newborn mice.*

AQP4 is also connected with the a—ff complex and «-DG
is linked to laminin and agrin, a proteoglycan present in the

basement membrane of cerebral capillaries, involved in BBB
integrity.”® Moreover, the correct AQP4 and Kir 4.1 clustering
on glial membranes required ®-DG and laminin.'>**’
In glioma cells, agrin deficiency is coupled with redistri-
bution of AQP4 and syntrophins, loss in «-DG and absence
of OAPs.'>® It is important to note that agrin is also able to
induce AQP4 clustering into OAP membranes,">” suggest-
ing that AQP4 and DG are components of OAPs.*

The findings that AQP4 and OAPs are concentrated on the
glial endfeet as opposed to the basement membrane,*” and
are reduced in the neurological disorders affecting the BBB
including brain tumors, in which edema and AQP4 redis-
tribution on glioma cell membrane occurred,'*'®'”®! suggest
a role of basement membrane components in the polarity
and functions of the astroglial endfeet.

Alterations of a-DG recognizable in muscular dystrophy*
seem to affect their binding to laminin and agrin.®*®
Moreover, altered «-DG glycosylation and AQP4 and Kir 4.1
mislocation, as well as f1-syntrophin deficiency in perivas-
cular domains, have been reported in an animal model of
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AQP4\ Dp

AQP4 Dp71

Figure 9 Confocal dual immunofluorescence reaction of AQP4 (red) and dystrophin isoform (Dp71) (green) in mdx (a-c) and control vessels (d—f). A light
orange signal of AQP4 and Dp71 codistribution is present in a discontinuous pattern in the mdx vessel (a, arrow), showing unlabeled areas (a-c arrowhead)

alternating with labeled ones, whereas in the control vessel (d—f), a strong and continuous merge fluorescence is evident. Scale bar: a—f, 25 um.

Table 3 Quantitation of alterations in perivascular glial endfeet and basement membrane in mdx and control brain

Number of glial Number of Number of swollen
endfeet unswollen glial glial endfeet
examined endfeet
Mdx 114 7%2 7097
Control 92 81+5° 4+1

Basement membrane

% of abluminal vessels % of abluminal vessels

thickness surface covered by basement surface covered by glial
membrane endfeet
180+ 14 nm? 43% £ 7 33%3
65+8.8nm 93%+ 14° 89% + 11°

#P<0.0001 vs control.
l)P<0.0001 vs mdx.

dystroglycanopathies, supporting the role of a correct link
between the extracellular matrix and DAPs in the clustering
of the channel proteins.®* Accordingly, in this study we have
observed that, whereas in control brain, AQP4 colocalized
with a—f-DG, in the mdx brain, a reduction in both proteins
and mRNA expression was observed, and by confocal
microscopy we have detected a translocation of a—f-DG,
which was not colocalized with AQP4. Immunogold
experiments confirmed these data, showing that a—f-DG
gold particles were attached on the glial membranes facing
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the vessel basement membrane in the control brain, whereas
they are scattered on the glial cytoplasms in the mdx brain.

Although a«—f-DG is downregulated in muscle fibers of
DMD and in mdx mice,°>*® in mdx brain only «-DG is
reduced,” suggesting that f-DG is linked to a-DG outside
the plasma membrane. Our results, demonstrating a parallel
o—f-DG decrease and molecular rearrangment, together with
laminin and agrin deficiency, suggest indeed that the entire
DG complex is involved in a correct DAP anchoring on the
basement membrane.
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Figure 10 (a) Total RNA (1 pg) was reverse transcribed to cDNA and used in real-time PCR to evaluate the messenger expression, using specific primers for
murine aquaporin-4, a—f-dystroglycan, Kir 4.1, a-syntrophin, laminin and agrin. The mdx mice brains have a higher expression in all the genes screened
compared with the controls as shown in the histogram correspondent to their relative fold change. In this experiment, the fold change is normalized to
actin. Data are representative of three independent experiments. (b) Western blotting analysis of aquaporin-4, a—f-dystroglycan, Kir 4.1, a-syntrophin,
laminin and agrin in brain homogenates of mdx and control (ctr) mice. Quantification of the bands revealed a significantly higher level of all the protein in
mdx brain with respect to the control. The data are representative of three independent experiments. (c) Western blotting analysis of short dystrophin
isoform (Dp71) showing a lower expression in mdx brain with respect to the control. The absence of signal corresponding to 427-kDa molecular weight
indicated the specificity of antibody against the 71-kDa dystrophin isoform. The data are representative of three independent experiments.

In this study, we have demonstrated that the perivascular
basement membrane of mdx brain appeared thickened or
absent and it was deficient in laminin and agrin protein
content and expression. It is well known that basement
membrane has a key role in BBB development and stabili-

zation”®>*7%® and that laminin and agrin deficiency is

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 90 November 2010

associated with BBB alterations.”®®>”° It is to be noted that
both laminin and agrin bind a—f-DG complex,” and that,
in Muller cells, laminin, by inducing a polarized Kir 4-1
expression, is involved in cleaning excess potassium.>’
Furthermore, it has been demonstrated that, in brain
angiogenesis, occurring in both physiological and pathological
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Figure 11 Schematic drawing showing a possible association between DAPs, AQP4, Kir 4.1, syntrophin (Syn), a—f-DG and dystrophin isoform Dp71 in the

perivascular glial membrane of a control (ctr) and mdx mouse.

conditions, basement membrane was degraded by the activity of
MMP-2 and MMP-9.”!

Agrawal et al’' demonstrated that the f-DG in the astro-
cytic endfeet membrane, which was selectively cleaved by
MMP-2 and -9, was specifically involved in the destruction of
the basement membrane and BBB opening in an animal
model of multiple sclerosis.

We have previously reported that in the mdx brain,
enhance angiogenesis was associated with an overexpression
of MMP-2 and MMP-9 by glial cells.*' On this basis, it
might occur that, in the mdx brain, active MMPs induce DG
cleavage, leading to a—f-DG translocation and basement
membrane fragmentation, and, in turn, laminin and
agrin deficiency might contribute to AQP4—Kir 4.1 down-
regulation.

Overall, the results of this study suggest that dystrophin
isoform (Dp71) and DAPs could be involved in the morpho-
logical and functional polarization of astrocytes in the
BBB and that in the mdx brain their deficiency coupled
with structural and molecular modifications of basement
membrane could be responsible for the BBB alterations
occurring in this pathological condition (Figure 11).

It should be clarified whether the basement membrane
alterations are primarily responsible for the altered DAPs
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anchoring to the glial cells or whether the deficiency of
dystrophin isoform primarily induces the disassembly of the
DAP complex and consequently the basement membrane
alterations.
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