
Summary. Dystroglycan is a laminin receptor, which
with dystrophins and other components forms the
dystrophin-dystroglycan complex. It has an important
role in the formation of gliovascular connections,
cerebral vascularisation and blood-brain barrier.
Dystroglycan consists of two sub-units, α and ß.
Previous studies demonstrated that the ß-dystroglycan
immunoreactivity of cerebral vessels temporarily
disappeared in the area adjacent to the lesion, whereas
the vascular laminin which is not immunoreactive in the
intact brain became detectable. The present study
extends these investigations over other components of
the complex: utrophin, α1-syntrophin and α1-
dystrobrevin. The experiments were performed on adult
rats. The lesions were stab wounds or cryogenic lesions
in deep ketamine-xylasine narcosis. Following survival
periods 2 to 30 days, the animals were perfused and
floating brain sections were processed for fluorescent
immunohistochemistry. The α1-dystrobrevin, like ß-
dystroglycan, vanished temporarily around the lesion.
The immunoreactivity of utrophin changed in a similar
way to that of laminin. In intact brains they were
confined to the entering segments of the vessels and to
the circumventricular organs. Following lesions their
immunoreactivity manifested in the vessels around the
lesions. However, utrophin followed laminin with a
delay: their peaks were about POD (postoperative days)
21 and 7, respectively. Only immunoreactivity of α1-
syntrophin appeared in the reactive astrocytes, peaking
at POD 14. Double-labeling proved its co-localization
with GFAP. Cryogenic lesions had similar immunohisto-
chemical effects, but provided more suitable samples for

Western blot analysis, which proved the altered levels of
α1-dystrobrevin and α1-syntrophin. The phenomena
may help to monitor the post-lesion vascular processes
and the alterations of the gliovascular connections.
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Introduction

Dystroglycan binds laminin and other basal lamina
components (e.g. perlecan and agrin: Henry and
Campbell, 1996a,b). Similarly to dystrophin, dystro-
glycan was at first described in the skeletal muscle but
later also in other tissues, including the brain (for early
reviews, see Henry and Campbell, 1996a; Durbeej et al.,
1998). Dystroglycan associates with dystrophins and
several other components to form the dystrophin-
dystroglycan complex (or dystrophin-glycoprotein
complex, DGC). DGC integrates aquaporin water-
channels, ion-channels and signalling systems, as well as
the actin filament system to the part of the cell
membrane where it contacts the basal lamina (Guadagno
and Moukhles, 2004; Wolburg et al., 2009). It plays an
important role in the formation of muscles, blood vessels
and parenchymal organs, such as kidney and lung
(Haenggi and Fritschy, 2006). Its significance in the
brain has also been demonstrated (see e.g. Blake et al.,
1999; Culligan and Ohlendieck, 2002; Amiry-
Moghaddam et al., 2004; Haenggi and Fritschy, 2006;
Wolburg et al., 2009).

Laminin is a ubiquitous major component of the
basal laminae, therefore it has been proved to be
essential for brain vascularization and post-lesion
rearrangement of vessels (for review, see e.g. Hallmann
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et al., 2005). The receptors of laminin therefore are also
essential in vascularisation.

In the brain, integrity of the DGC as well as the
binding of laminin to dystroglycan is required for
gliovascular coupling, maturation and stabilization of the
cerebral vascular structure (Tian et al., 1996; Zaccaria et
al., 2001; Nico et al., 2003, 2004; del Zoppo et al.,
2006). The gliovascular connections are necessary for
the endothelial cells to form blood-brain barrier (Janzer
and Raff, 1987; Tao-Cheng et al., 1987; Riseau and
Wolburg, 1990; Abbott, 2002). Deletion of dystroglycan
in mice results in discontinuity of the cerebrovascular
basal laminae (Moore et al., 2002). 

Dystroglycan is encoded by a single gene and
cleaved by post-translational processing into two
proteins: α- and ß-dystroglycan (Ibraghimov-
Beskrovnaya et al., 1992; Smalheiser and Kim, 1995). ß-
dystroglycan is a highly glycosylated extracellular
protein which binds laminin and other basal lamina
components, e.g. agrin, perlecan. ß-dystroglycan is a
transmembrane protein that anchors α-dystroglycan to
the cell membrane. 

ß-dystroglycan, as the core component of DGC,
interacts at its intracellular side with different
dystrophin/utrophin isoforms. Dystrophin, or,
alternatively, utrophin, its autosomal homologue binds
dystrobrevins (α1, α2 or ß), syntrophins (α1,α2, ß, γ1 or
γ2) and actin filaments, connecting these components to
the ß-dystroglycan. (For more detailed descriptions, see
e.g. Ueda et al., 1995; Culligan and Ohlendieck, 2002;
Amiry-Moghaddam et al., 2004; Warth et al., 2004;
Wolburg et al., 2009)

Even in the brain the composition of DGC depends
on its localization. In the perivascular glial end-feet α1-
dystrobrevin, α1-syntrophin and the 71kD dystrophin
isoform are found (Culligan and Ohlendieck, 2002;
Haenggi and Fritschy, 2006; Wolburg et al., 2009).
Dystrophin isoforms, shorter protein products of the
dystrophin gene, which arise by alternative promoter
usage, are found in various tissues. In the brain, the
Dp71 isoform is localized mainly in glial cells, while the
full-length form, Dp427, is found mainly in neurons,
primarily in the postsynaptic densities (see e.g. Gorecki
et al., 1992; Lederfein et al., 1992; Lidov, 1996; Haenggi
and Fritschy, 2006). In contrast to the glial end-feet, in
the endothelial cells utrophin occurs, and dystroglycan is
supposed to be missing (Haenggi and Fritschy, 2006).
Sarcoglycan and sarcospan, intramembrane components
of DGC in muscle, very probably are lacking in the brain
(Culligan and Ohlendieck, 2002).

The complex, first of all its syntrophin component, is
responsible for the proper distribution and anchoring of
ion channels and receptors, including the water-pore
channel protein, aquaporin-4 along the plasma
membrane. α1-syntrophin and α1-dystrobrevin connect
sodium-channels, Grb2 and nitric oxide-synthase (NOS)
systems (Neely et al., 2001; Amiry-Moghaddam et al.,
2004; Warth et al., 2004; Wolburg et al., 2009).

Astroglia are involved in these phenomena for
several reasons. The importance of the gliovascular

connections, and the glial localization of DGC have been
mentioned above. Astrocytes produce laminin and other
components of basal lamina (Liesi et al., 1984; Bernstein
et al., 1985; Chiu et al., 1991; Jucker et al., 1996). Brain
lesions are followed by astroglial reaction. Astrocytes
have a decisive role in post-lesion vessel formation
(Krum et al., 2002). 

In previous studies the ß-dystroglycan immuno-
reactivity of brain vessels weakened considerably
following lesions, including focal ischemia (Milner et
al., 2008), experimental autoimmune encephalomyelitis
(Agrawal et al., 2006), or the area of stab wounds (Szabó
and Kálmán, 2008). Laminin immunoreactivity, on the
other hand, which was confined to the entering segments
of vessels in the intact brain, became visible in vessels
around lesions (Sosale et al., 1988; Shigematsu et al.,
1989 a,b; Krum et al., 1991; Sixt et al., 2001; Szabó and
Kálmán, 2004, 2008). Dystrophins were studied by
Jancsik and Hajós (1998, 1999), and Szabó et al. (2004)
during development and following lesions.

The present study extended the previous
investigations in two directions. We have undertaken to
follow the post-lesion changes of three additional DGC
components by immunohistochemistry: utrophin, α1-
syntrophin, and α1-dystrobrevin. Furthermore, in
addition to stab wounds we applied cryogenic lesions as
well. We have found that in contrast to the stab wounds,
the shape and size of the lesioned territories were fairly
uniform in the case of the cryogenic lesions. This
enabled us to assess the changes of protein levels by
Western blot analysis. The immunoreactivity results
demonstrated that the post-lesion phenomena of DGC
were fundamentally concordant in the case of these two
lesion types. Post-lesion glial reaction was monitored by
immunohistochemical staining of GFAP (glial fibrillary
acidic protein), the characteristic intermediate filament
protein of mature astrocytes which increases
considerably in the reactive glia (Bignami and Dahl,
1976; Berry et al., 1983; Mathewson and Berry, 1984;
Hozumi et al., 1990). Postoperative survival times were
calculated from these results, and from our previous
studies (Szabó and Kálmán, 2004, 2008). 
Materials and methods

Animals

Adult rats (Wistar) of either sex weighing 250 to 300
g were used. The animals were supplied with food and
water ad libitum, and kept in artificial 12/12 h light-and-
dark periods. All experimental procedures were
performed in accordance with the guidelines of
European Community Council Directive (86/609/EEC).
Stab wounds

Adult albino rats of either sex were anesthetized
deeply with ketamine and xylazine (20 and 80 mg/kg
body weight, respectively, intramuscularly). After
opening the skin and making a burr hole on the skull, a
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lesion was performed on the dorsal side of the parietal
cortex with a sterile disposable needle, then the skin was
sutured and the animals were allowed to recover. The
survival period lasted for 2, 4, 7, 14, 21, or 28,
postoperative days (POD; 3 to 4 animals at each). 
Cryogenic lesions

Anaesthesia was the same as before. The skin was
opened and a bone piece was removed by drilling, so a
‘window’ was formed on the skull. The lesion was
performed on the dorsal side of the parietal cortex by a
20-sec contact of a copper rod adjusted to a stereotaxic
instrument and cooled in carbondioxyde ’snow’. Then
the bone piece was repositioned and the skin sutured.
Survival periods were as before.
Fixation and sectioning

Anaesthesia was the same as before. The animals
were perfused through the aorta with 100ml 0.9%
sodium chloride followed by 300 ml 4% para-
formaldehyde in 0.1M phosphate buffer (pH 7.4). After
perfusion brains were removed and post-fixed in the
same fixative for 1-2 days at 4°C. Then serial coronal
sections of 50 µm were cut with Vibratome through the
lesioned area, and washed in phosphate buffered-saline
0.1 M, pH 7.4 (PBS, Sigma) overnight.
Immunohistochemistry

Primary immunoreagents are listed in Table 1.
Floating sections were pretreated with normal goat
serum (horse serum in the case of anti-α-dystrobrevin),
diluted to 20% in PBS for 90 min to block the non-
specific binding of antibodies. This and the following
steps were followed by an extensive wash in PBS (30
min, at room temperature). Primary antibodies were
diluted as described in Table 1 in PBS containing 0.5%
Triton X-100 and 0.01% sodium azide. Sections were
incubated for 40 h at 4°C. Fluorescent secondary
antibodies (Table 2) were used at room temperature for 3
h. The sections were finally washed in PBS (1 h, at room
temperature), mounted onto glass, cover-slipped in a
mixture of glycerol and bi-distilled water (1:1), and
sealed with lacquer. Control sections were done by
substituting the primary antibody with normal serum. No

structure-bound fluorescent labeling was observed in
these specimens. 

Intensities of fluorescent labeling were compared as
follows: the sensitivity of the digital camera was turned
down until the immunolabeling was not detectable on
the display, and the degree of turning down was
estimated by the arbitrary units of sensitivity marked by
the manufacturer. In this way the immunoreactivities of
the same substance were compared at different
postoperative days. Differences between substances we
did not compare, since they also depended on the
different intensities of the immunobindings and
fluorophore labelings of the secondary antibodies beside
the immunoreactivities of the epitopes investigated.
Double-labeling immunofluorescent reactions

Double-labeling experiments were performed where
antibodies of different origin (e.g. mouse versus rabbit)
were available against the different components. The
corresponding primary and secondary antibodies were
applied together, otherwise the protocol was the same as
before.
Confocal laser scanning microscopy and digital imaging

Slides were photographed by a DP50 digital camera
mounted on an Olympus BX-51 microscope (both from
Olympus Optical Co. Ltd, Tokyo, Japan), or, in the case
of double labelings, by a Radiance-2100 (BioRad,
Hercules, CA) confocal laser scanning microscope.
Digital images were processed using Photoshop 9.2
software (Adobe Systems, Mountain View, CA) with
minimal adjustments for brightness and contrast. Green
and red colors on the photomicrographs correspond to
the fluorescent dyes as shown in Table 2.
Western blot

Lesioned tissue samples were obtained from 6
animals with cryogenic lesion on the dorsal side of the
parietal cortex. Similar tissue pieces from 3 intact
cortices served as controls. Tissue samples were
immediately frozen in liquid nitrogen and stored at 
-80°C until lysis. Cell lysates were obtained by using the
following buffer: 150 mM sodium chloride, 1.0% NP-
40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
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Table 1. The primary antibodies applied in the sudy.

Against Type Firm Code Nr. Dilution

ß-dystroglycan Mouse* Novocastra, Newcastle-on-Tyne, England ncl-b-dg 1:100
α-dystrobrevin Goat** Santa Cruz Biotechnology, Santa Cruz, Ca, USA (v-19) sc-13812 1:100
α1-syntrophin Rabbit** Sigma, San Louis, Mo, USA s4688 1:100
utrophin Mouse* Novocastra, Newcastle-on-Tyne, England ncl-drp2 1:10
GFAP Mouse* Novocastra, Newcastle, United Kingdom ga5 1:100
EHS Laminin Rabbit** Sigma, San Louis, Mo, USA l 9393 1:100

*: monoclonal; **: polyclonal



sulphate (SDS) in 50 mM Tris, pH 8.0. Proteolysis was
blocked with protease inhibitor cocktail (Sigma P8340).
Samples were first homogenized in the above buffer at
4°C, then the homogenate was centrifuged. Protein
contents were determined by the method of Lowry et al.
(1951), with bovine serum albumin (BSA) as standard.
Electrophoresis of cell lysates (10 µg per channel) was
carried out in 7.5% SDS polyacrylamid gels as described
by Laemmli (1970). Proteins were then transferred
electrophoretically to PVDF membrane (Millipore
Immobilon-P transfer membrane) and blocked with 5%
non-fat dried milk in TPBS (PBS with 0.3 % Tween 20).
Proteins were probed with primary antibodies
recognizing α1-dystrobrevin and α1-syntrophin.
Peroxidase conjugated anti-goat, anti-rabbit or anti-
mouse IgGs (Vector Laboratories) were used as
secondary antibodies, respectively. Visualization was
performed by using Supersignal West Pico
Chemiluminescent Substrate (Pierce 34080).
Chemiluminescent signal detection was by exposure to
Amersham Hyperfilm ECL (28-9068-35). 

Semiquantitative data were obtained by analysing
the scanned films with the “gel analysis” option of
ImageJ program. Numerical data obtained by integrated
density measurements were used. Data obtained from the
lesioned tissue were compared with the control. 
Results

Laminin and DGC component immunoreactivities in the
intact adult rat brain (Fig. 1)

Laminin was detectable in the meningeal tissue and
vessels, but not throughout the brain, only in the
segments of the vessels where they enter the brain,
corresponding to the Virchow-Robin spaces (Fig. 1a), as
well as in the circumventricular organs (subfornical
organ (Fig. 1b), median eminence, area postrema, but
not the subcommissural organ). Neurons were also
labeled, mainly in the cortex and in the hippocampus.

The distribution of utrophin immunoreactivity was
similar to that of laminin: the meninges, their vessels
including the segments where they enter the brain
substance (Fig. 1c), and circumventricular organs were
reactive (Fig. 1d), but not the cerebral vessels in general.
Immunostaining of αl-syntrophin marked the meningeal
surface and the entering vessels, marked scarcely the

deeper vessels of the brain substance, and neurons only
faintly (Fig 1e). 

The ß-dystroglycan immunostaining revealed a rich
vascular system in every part of the brain (Fig. 1f). A ß-
dystroglycan-immunopositive layer lined the meningeal
surface as well, whereas the meningeal vessels remained
immunonegative. Brain vessels were also visualized
completely by immunohistochemical reaction to α1-
dystrobrevin (Fig. 1g), like in the case of ß-dystroglycan,
but less intensively stained. No astrocytic profiles were
immunoreactive to either component investigated in the
intact brain.
Laminin and ß-dystroglycan immunoreactivities following
stab wounds: opposite (anti-coincident) localizations
(Fig. 2)

Following stab wounds, by POD 2 the adjacent
vessels lost their ß-dystroglycan immunopositvity,
whereas immunopositivity to laminin became detectable
in them. When laminin and ß-dystroglycan immuno-
stainings were combined (Fig. 2a-d), vascular laminin
immunopositivity was confined to the site of the lesion
and was found usually in vessels not labeled by
immunoreaction against ß-dystroglycan. In the
surrounding area, some distance from the lesion, the
vessels proved to be immunoreactive only to ß-
dystroglycan, although at the border of the two zones
double-labeled vessels also occurred. In neurons laminin
immunopositivity sometimes occurred, like in the intact
tissue. After the third postoperative week laminin
immunopositivity regressed to the close vicinity of the
lesion or disappeared, whereas ß-dystroglycan
immunoreactivity covered the whole territory of the
lesion (Fig. 2e,f), so the rest of the laminin-
immunoreactive vessels became dystroglycan
immunopositive as well. Astrocytes displayed no
immunoreactivity to either ß-dystroglycan or laminin.
α1-dystrobrevin and ß-dystroglycan immunoreactivities
following stab wounds: parallel temporary vanishing (Fig.
3)

α1-dystrobrevin immunoreactivity, which delineated
the vessel system in intact animals, disappeared from the
vessels adjacent to the lesion (Fig. 3a,b), by POD 2,
similarly to ß-dystroglycan. The phenomenon was even
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Table 2. The secondary antibodies applied in the study.

Conjugated with Against Type Absorbead light / Emitted light (nm) Firm Code Nr. Dilution
Fluorescein isothio-
cyanate (FITC) Rabbit Donkey 492 (blue) / 520 (green) Jackson Immunoresearch Laboratories, West

Grove, Pa, USA 711-095-152 1:250

Fluorescein isothio-
cyanate (FITC) Goat Donkey 492 (blue) / 520 (green) Jackson Immunoresearch Laboratories, West

Grove, Pa, USA 705-093-003 1:250

Cy3 Mouse Donkey 550 (green) / 570 (red) Jackson Immunoresearch Laboratories, West
Grove, Pa, USA 715-165-150 1:250
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Fig 1. Laminin and
DGC component
immunoreactivities
in the intact adult
rat brain. 
a. Laminin
immunostaining
decorates only the
meningeal surface
(m) and the
segments (arrow)
of vessels entering
the brain. Note the
unlabeled but
visible continuing
part of the vessel
in the brain
substance (double
arrows).
Immunoreactivity
of varied intensity
can be found in
neurons
(arrowheads). 
b. Laminin
immunostaining
also visualizes the
circumventricular
organs, here: the
subfornical organ
(HC- hippocampal

commissure). c. Utrophin immunostaining. As in the case of laminin, the meningeal surface (m) and the segments of the vessels (arrows) entering the
brain are labeled. d. Utrophin immunoreactivity is also detectable in the circumventricular organs, here in the subfornical organ (HC- hippocampal
commissure). e. α1-syntrophin immunostaining: only the meningeal surface and some vessels (arrows) are labeled, as well as neurons (arrowheads),
other vessels are not labeled (double arrows). f. ß-dystroglycan immunostaining visualizes the brain vasculature as well as the meningeal surface (m),
whereas meningeal vessels remain invisible. g. α1-dystrobrevin immunostaining results in a pattern similar to that of ß-dystroglycan, m: meningeal
surface. Scale bar: a, c-g, 100 µm; b, 50 µm.
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Fig. 2. Laminin and ß-dystroglycan immunoreactivities following stab wounds: opposite (anti-coincident) localizations. a and b. ß-dystroglycan and
laminin immunopositivities, respectively, in cerebral vessels following lesion (POD 2). Double-labeling study. The laminin-immunopositive vessels (b)
are confined to the lesioned area (L) whereas ß-dystroglycan-immunopositive ones (a) are found at a distance. Arrowheads point to double-labeled
vessels identical in the two panels. c and d. POD 7 – similar distributions of immunoreactivities as in a and b, respectively. Marks as above. e and f.
POD 14 – -dystroglycan immunopositivity has appeared in the vessels adjacent to the lesion. Laminin immunopositivity has regressed. Marks as above.
Scale bar: a, b, e, f, 50 µm; c, d, 100 µm.



more obvious in the later days (POD 4 or 7). It seemed
that the persisting immunoreactivities of both proteins
were found co-localized in the same vessels. No
astrocytes were immunostained. The re-appearances of
the α1-dystrobrevin and ß-dystroglycan immuno-
reactivities (POD 14 - POD 21) were not parallel
perfectly i.e. vessels immunopositive to ß-dystroglycan
but negative to α1-dystrobrevin were found (Fig. 3c,d).
By the end of the observation (POD 28) all the vessels
were immunopositive to both proteins, like in intact
animals.
Utrophin immunoreactivity following stab wounds: follows
laminin but with delay (Fig. 4)

Following stab wounds by POD 7 utrophin
immunopositivity appeared in a part of the vessels which

were immunopositive to laminin around the lesion, as
double labeling studies demonstrated. By the end of the
second week utrophin and laminin immunopositivities
become matching and co-localizing (Fig. 4a,b). In the
necrotic tissue hardly any utrophin immunoreactivity
was detected if at all. In these areas a dense network of
vessels was visualized by immunohistochemical reaction
against laminin, although utrophin immunostaining
marked only the largest vessels, and even in these
vessels the labeling was incomplete (Fig. 4c,d).

By POD 21 the utrophin-immunopositive vessels
already surpassed in number the laminin-immuno-
positive vessels, which were already disappearing (i.e.
losing their positivity). Consequently, vessels immuno-
positive to utrophin but not to laminin were frequently
seen (Fig. 4e,f). By POD 28 both laminin and utrophin
immunoreactivities were confined to the close vicinity of
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Fig. 3. α1-dystrobrevin and ß-dystroglycan immunoreactivities following stab wounds: parallel temporary vanishing. a and b. ß-dystroglycan and α1-
dystrobrevin, respectively, in cerebral vessels following lesion (POD 7). Double-labeling study. In the zone around the lesion (L) no immunolabeled
vessels are found. Note the identical patterns of the two stainings (arrowheads mark points identical in the two panels). c and d. A similar double-
labeling at POD 14. Around the lesion (L) the vessels are immunopositive to ß-dystroglycan but negative to α1-dystrobrevin. At a greater distance the
vessels are immunopositive to both (arrowheads mark points identical in the two panels). Scale bars: 50 µm.
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Fig. 4. Utrophin immunoreactivity following stab wounds: follows laminin but with delay. a and b. Utrophin and laminin immunoreactivities, respectively,
in cerebral vessels following lesion, double-labeling study. At POD 14 both immunoreactivities were detectable at approximately equal intensely and co-
localizing. Note the identical points in the figures (arrows). L: lesion. c and d. Utrophin and laminin immunoreactivities, respectively, double labeling,
POD 14. In the necrotic tissue laminin immunoreactivity (d) visualizes a rich network of vessels (arrows mark identical points in both panels), whereas
the immunoreactivity to utrophin (c) weakens toward (arrowheads) the necrotized tissue island. The small vessels are immunoreactive intensely to
laminin, but immunonegative to utrophin. L: lesion. e and f. Utrophin and laminin immunoreactivities, respectively, in cerebral vessels following lesion,
double labeling. At POD 21 utrophin immunoreactivity predominates (e), that of laminin (f) has almost disappeared, numerous utrophin-immunoreactive
vessels are negative to laminin. L: lesion, scale bars: 50 µm.



the lesion, if they could still be detected at all.
Utrophin and αl-dystrobrevin immunoreactivities: a final
convergence (Fig. 5)

At the beginning utrophin and α1-dystrobrevin were
detected in different vessel populations: the former in the
distant vessels, co-localizing with the ß-dystroglycan,
the latter in the vessels adjacent to the lesion site like
laminin. As described above, ß-dystroglycan and laminin
immunoreactivities tended later to co-localize. A similar
tendency was found in the case of utrophin and α1-
dystrobrevin. At POD 14 these proteins already occurred
together in some vessels near the lesion (Fig. 5a,b). Later
(POD 28), however, utrophin immunopositivity
disappeared or almost disappeared, whereas α1-

dystrobrevin immunopositivity persisted (Fig. 5c,d).
Similarly to laminin and ß-dystroglycan, no utrophin
labeled astrocytes were found.
α1-syntrophin imunoreactivity following stab wounds:
appearance in reactive astrocytes (Fig. 6.)

Stab wounds were surrounded by an intense glial
reaction, like brain lesions in general (not shown in
figure). Immunostaining to α1-syntrophin marked
reactive astrocytes already at POD 4 (Fig. 6a) but the
maximum was found at POD 14 (Fig. 6b). Double
immunolabeling demonstrated the co-localization of αl-
syntrophin and the astrocyte marker GFAP (see later).
The area colonized by GFAP-immunopositive
astrocytes, however, surpassed what was occupied by the
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Fig. 5. Utrophin and α1-dystrobrevin immunoreactivities: a final convergence. a and b. Utrophin and α1-dystrobrevin immunoreactivities, respectively,
in cerebral vessels following lesion, double labeling study, POD 14. α1-dystrobrevin immunopositivity (b) has extended to the site of the lesion (L), and
appeared in the utrophin-immunopositive (a) vessels (arrows mark identical points in both panels). c and d. Utrophin and α1-dystrobrevin-
immunoreactivities, respectively, in cerebral vessels following lesion, double labeling study, POD 28. The α1-dystrobrevin immunopositive vessels (d)
are numerous around the lesion (L), whereas utrophin (c) has almost disappeared, arrows mark identical points in both panels. Scale bars: 50 µm.



Fig. 6. α1-syntrophin imunoreactivity following stab wounds: appearance in reactive astrocytes a and b. α1-syntrophin immunostaining visualizes
reactive astrocytes around lesions (L) already from POD 4 (a) but most intensely about POD 14 (b). Vessels are scarcely labeled (arrows). c and d.
α1-syntrophin and utrophin immunoreactivities, respectively, around a lesion (L), POD 28, double labeling study. Note that utrophin immmunostaining
still labels vessels, whereas α1-syntrophin immunopositivity is very weak (arrows mark identical points), immunopositive astrocytes (inset) have
become extremely scarce. e and f. α1-syntrophin and ß-dystroglycan immunoreactivities, respectively, around a lesion (L), POD 28, double labeling
study. The ß-dystroglycan immunopositivity has already re-appeared even in the vessels adjacent to the site of the lesion (L). α1-syntrophin
immunopositive astrocytes (arrowheads) are already confined to a resticted area. In this area (asterisk in panel f), however, there is no ß-dystroglycan
immunostaining yet. Scale bars: 50 µm; inset in c, 25 µm.
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Fig. 7. Following
cryogenic lesion:
phenomena like
above. a. Laminin
immunostaining, a
survey under low-
power objective.
Immunoreactivity
extends in the
vessels to the
hippocampus (Hi).
The extent of the
lesion (L) and the
vascular
immunoreaction
can be estimated.
Asterisk: necrotic
zone, double
asterisk: zone
underlying the
necrotic tissue
(devoid of ß-
dystroglycan and
α-dystrobrevin
immunoreactivities,
see panels d and
e), m- meninx, Hi:
hippocampus. 
b. Laminin
immunostaining,
higher
magnification, m:
meninx, asterisk:
necrotic zone, in
which a number of
vessels (probably
all of them) are
immunopositive to
laminin. Laminin-
positive vessels
penetrate the
underlying zone
(double asterisk,
devoid of ß-
dystroglycan and
αl-dystrobrevin
immunoreactivities,
see panels d and e
and even the
tissue in which the
vessels preserve
their
immunostaining to
ß-dystroglycan and
α1-dystrobrevin. 
c. GFAP
immunostaining, a
survey under low-
power objective
from a section
similar to that seen
in panel a). Note

the intense glial reaction in the whole thickness of the cortex. L: lesion, m: meninx, Hi: hippocampus. Inset: typical astrocytes enlarged. d. ß-
dystroglycan immunoreactivity near the lesion (L) Asterisk marks the necrotic zone. Immediately below there is a zone (double asterisk) where vessels
are devoid of immunoreactivity, although laminin immunostaining visualizes them (see above, panel b). Apart from this territory the vasculature is
intensely labeled. e. The pattern visualized by α1-dystrobrevin immunoreactivity is similar to that of ß-dystroglycan (a parallel section is shown in panel
d). f. Laminin immunostaining of the vessel shown on the left side of panel b (double labeling). L refers to lesion. Note that the vascular laminin
immunostaining in the necrotic tissue is more intense (arrowhead) than in the underlying zone (double arrowhead). This distribution is the inverse of the
pattern of utrophin immunostaining (see the right side of panel g). Arrow points to the outer (glial) basal lamina getting separated from the vascular one.
g. Utrophin immunostaning. L refers to lesion. Labeled vessels (double arrowheads) appear at first at POD 7. Vascular labeling is less intense
(arrowheads) in the necrotic tissue (asterisk); than in the underlying zone (arrowheads), i.e. inversely to that of laminin (see panel f). Scale bars: a, c,
250 µm; b, 120 µm; d, e, 60 µm; f, g, 50 µm; inset in c, 15 µm.
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Fig. 8. α1-syntrophin colocalizes with GFAP. a and b. α1-syntrophin immunoreactivity (a) marks astrocyte-like cells at a cryogenic lesion (L) similar to
the GFAP labeled ones (b) POD 14. c and d. Co-localization of GFAP and α1-syntrophin in astrocytes around a stab wound, POD 14, double labeling,
confocal microscopy. Yellow and brownish colors refer to co-localization, green spots represent neurons. e and f. Co-localization of GFAP and α1-
syntrophin at a cryogenic lesion (L), double labeling, confocal microscopy. For other explanations see panels c and d. Scale bars: a, b, 30 µm; c, e, 40
µm; d, f, 10 µm.



α1-syntrophin-immunopositve ones. Vascular immuno-
positivity underwent no conspicuous changes. 

The α1-syntrophin immunopositivity of astrocytes
disappeared during the 3rd week (Fig. 6c-f) when
utrophin immunopositivity still persisted in the vessels,
and ß-dystroglycan immunopositivity re-appeared. Most
interestingly, the last α1-syntrophin immunostained
astrocytes were found within the areas where ß-
dystroglycan immunopositivity had not re-appeared yet.
Following cryogenic lesion: phenomena like above (Figs.
7 and 8)

Preliminary experiments suggested that the optimal
duration of the freezing was 20 sec. In this case the
lesions were quite large and similarly sized. They were
lens-like (i.e deeper in the center), with a diameter
approximately 1 mm. (Fig. 7a,c). Cryogenic lesion
provoked an intense glial reaction which extended over
the whole cortex (Fig. 7c). Altered laminin, ß-
dystroglycan and α1-dystrobrevin immunoreactivities
were observed already at POD 2, and became maximal
between POD 4 and POD 7.

Laminin appeared within the territory of the lesion
and even around it, although less intensely (Fig. 7a,b).
Immunolabeled vessels were found mainly in the
necrotic zone. The GFAP-immunopositive glial reaction
was found most intensely in the zone devoid of ß-
dystroglycan- and 1-dystrobrevin immunopositivities
(Fig. 7c).

The immunopositivities to ß-dystroglycan and α1-
dystrobrevin disappeared from the necrotic tissue as well
as from the underlying zone (Fig. 7d,e). This zone was
also penetrated by laminin-immunopositive vessels (Fig.
7a,b), some of them extended even beyond this zone into
the territory of subsisting ß-dystroglycan and α1-
dystrobrevin-immunopositive vessels. 

Utrophin immunoreactivity appeared in the vessels
at POD 7, at first in vessels turned formerly immuno-
positive to laminin adjacent to the necrotic zone. The
number of utrophin-immunopositive vessels, however,
increased during the second week (Fig. 7g), therefore
they surpassed in number the laminin-positive ones, and
occurred without laminin, too. In the double-labeled
vessels it was clearly seen that the segments intruding

into the necrotic zone were intensely immunoreactive to
laminin but hardly immunoreactive to utrophin. In those
parts which were embedded in the underlying brain
substance the intensities were found to be quite the
opposite (Fig. 7f,g). It is to be noted that in Fig. 7f it is
clearly visible that the basal lamina splits into two
layers. The outer, funnel-like layer probably belongs to
the surrounding glia, whereas the inner layer represents
the proper basal lamina of the endothelium.

α1-syntrophin immunoreactivity appeared
temporarily in reactive astrocytes (Fig. 8a,b). Its co-
localization with GFAP has been proved by fluorescent
double labeling evaluated by confocal laser scanning
microscopy (Fig. 8e,f), similarly to stab wounds (Fig.
8c,d). No other immunopositivities were observed in
astrocytes. All of these alterations regressed by POD 21,
and disappeared almost completely by POD 28, except
as a remnant of the glial reaction. The results are
summarized in Table 3.

The immunoreactivities of the same substance are
compared at different postoperative days. Intensities
were estimated by the sensitivity of the photoapparatus
(see Methods).
Western blot results (Fig. 9)

In order to clarify whether the altered α1-
dystrobrevin and α1-syntrophin immunoreactivities
could be attributed to a change of the levels of these
proteins or to other factors, we assessed their levels by
semiquantitative Western blot analysis (Fig. 9) which
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Fig. 9. Western blot analysis of post-lesion α1-syntrophin and α1-
dystrobrevin levels. a. Representative blots of individual samples. b.
Integrated densities (cf. Materials and Methods) indicative of protein
levels are shown. Data were calculated from Western blots of at least 3
lesioned tissue samples, originating from distinct animals. Integrated
densities of control samples were considered as 100%. Average and ±
standard deviation values are shown, following the Student-test p<0.05.

Table 3. Summary on the changes of the immunoreactivit ies
investigated in this study.

POD 2 POD 4 POD 7 POD 14 POD 21 POD 28

laminin + + + +/+- +- -
ß-dystroglycan - - - +- + +
α1-dystrobrevin - - - +- +/+- +
α1-syntrophin +- +- + ++ +-/- -
utrophin - - +- + ++ +-
GFAP +- + ++ ++ + +-

++: very intense; +: intense; +-: weak and/or not constant; -: missing. 



indicated significantly lower α1-dystrobrevin and higher
α1-syntrophin levels in the tissue samples taken from
cryogenic-lesioned brains than from the control ones. 
Discussion

The results presented here are in accordance with
previous data on the immunoreactivities observed in the
intact brain, as well as on the post-lesion alterations of
laminin and ß-dystroglycan. Furthermore, we provide
new data on the post-lesion behavior of α1-syntrophin,
α1-dystrobrevin and utrophin. When comparing the
characteristics of two different lesions, stab wound and
cryogenic lesions, we concluded that they resulted in
similar immunohistochemical consequences. 
Laminin and DGC in the intact adult rat brain

The results obtained in intact animals were in
general in good agreement with the data published in the
literature and with our previous experience. Laminin was
not detectable by immunohistochemistry in the vessels
embedded in the brain substance, except the
circumventricular organs, in accordance with several
previous obsevations (Shigematsu et al., 1989b; Zhou,
1990; Krum et al., 1991), including ours (Szabó and
Kálmán, 2008). Since in unfixed cryostat sections
vessels were immunoreactive to laminin (Eriksdotter-
Nilsson et al., 1986), it was suggested that it was the
fixation which inhibited the immunoreactivity (Jucker et
al., 1992). Nevertheless, immunoreactivity of the
extracerebral vessels and those in the circumventricular
organs do not support this idea. According to Krum et al.
(1991), it is the fusion during development of the glial
and vascular basal laminae (Bär and Wolff, 1972; Marin-
Padilla, 1985; del Zoppo and Hallenbeck, 2000;
Hallmann et al., 2005) into a so-called ‘composite’ basal
lamina (Sixt et al., 2001) which covers (‘hides’) the
epitopes responsible for immunoreactivity and makes
them unavailable for immunohistochemical detection.
Fixation enhances this effect whereas freezing (e.g. by
ice crystals) eliminates it. The fusion does not occur in
the circumventricular organs (Krum et al., 1991), which
have no blood-brain barrier (the subcommissural organ
represents an exception). For a more detailed discussion
see (Szabó and Kálmán, 2004, 2008). Laminin
immunopositivity of certain neurons (see e.g. Fig. 1a)
has been already mentioned by several authors
(Yamamoto et al., 1988; Hagg et al., 1989; Zhou, 1990;
Jucker et al., 1992; Powell and Kleinman, 1997),
although its role is not clear yet. Immunoreactivities of
cerebral vessels and meningeal glia limitans to ß-
dystroglycan are in accordance with the findings of Tian
et al. (1996), Uchino et al. (1996), Zaccaria et al. (2001),
Moore et al. (2002), Szabó and Kálmán (2008).

Brain vessels were also visualized by immunohisto-
chemical reaction to α1-dystrobrevin, whereas ß1-
dystrobrevin was found in neurons (Ueda et al., 1995;
Blake et al., 1999). Immunoreactivity of α1-syntrophin

was also found along the brain vessels (Haenggi et al.,
2004; Ambrosini et al., 2008) as well as in neurons
(Blake et al., 1999). Neither α1-dystrobrevin nor ß-
dystroglycan nor α1-syntrophin was reported to be
present in the meningeal vessels, in accordance with our
observations. 

Utrophin was found in blood vessels, either
meningeal or cerebral, by in situ hybridization or by
immunohistochemistry in cryostat sections (Ueda et al.,
1995; Knuesel et al., 2000; Haenggi et al., 2004) or after
fixation by perfusion (Knuesel et al., 2000). Although
Khurana et al. (1992) reported its glial localization,
recent opinion is that glial end-feet lack utrophin
(Culligan and Ohlendieck, 2002; Haenggi and Fritschy,
2006; Wolburg et al., 2009). Since ß-dystroglycan occurs
in the glial end-feet, but seems to be absent from the
endothel (Tian et al., 1996; Hallmann et al., 2005;
Haenggi and Fritschy, 2006) utrophin is probably bound
to the cell membrane by another factor (Haenggi and
Fritschy, 2006). Our observation that the circum-
ventricular organs - e.g. subfornical organ, area postrema
(but not the subcommissural organ, which, in contrast to
the others, has blood–brain barrier), display vascular
immunoreactivity to utrophin (like to laminin) seems to
be a novelty.
Post-lesion phenomena: laminin and ß-dystroglycan: 

As was demonstrated in several publications (Sosale
et al., 1988; Shigematsu et al., 1989a,b; Krum et al.,
1991; Sixt et al., 2001) including ours (Szabó and
Kálmán, 2004, 2008) after lesions laminin became
detectable by immunohistochemical reactions. 

ß-dystroglycan immunostaining markedly decreased
or was totally absent following focal ischemia (Milner et
al., 2008) and in experimental autoimmune encephalo-
myelitis (Agrawal et al., 2006). Stab wounds resulted in
a temporary lack of ß-dystroglycan immunopositivity in
the vessels adjacent to the lesion (Szabó and Kálmán,
2008). 

We demonstrated that laminin immunopositivity
appeared mainly in those vessels which lost their ß-
dystroglycan immunoreactivity, and vice versa, although
there were double-labeled vessels as well. The fact that a
major part of ß-dystroglycan-immunonegative vessels
was revealed by immunostaining to laminin proved that
a lack of ß-dystroglycan immunostaining doesn’t
indicate a lack of vessels. Both phenomena (i.e. ß-
dystroglycan negativity and laminin positivity) can be
regarded as indirect signs of gliovascular decoupling,
and their disappearance may refer to restitution (re-
coupling). To explain these phenomena we accept the
opinions of Krum et al. (1991) and Milner et al. (2008). 

After lesions, the astrocytic end-feet ‘decouple’
(detach) from the vessels and a substantial expansion of
perivascular spaces becomes evident (Jaeger and Blight,
1997). Similar observations were published by Sixt et al.
(2001) in inflammations. The post-lesion immuno-
positivity of cerebral vessels to laminin can be explained
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by the post-lesion separation of glial and vascular basal
laminae, and/or by the appearance of newly formed
vessels in which the fusion of these basal laminae hasn’t
happened yet (Krum et al., 1991; Sixt et al., 2001). In
both cases the laminin epitopes otherwise covered by the
fusion of basal laminae, can become temporarily
‘uncovered’. It is to be noted that besides laminin,
nidogen (a basal lamina component which also binds to
ß-dystroglycan) has also been reported to show
diminished immunoreactivity due to altered epitope
availability (Ae Seo et al., 2007).

Decreased ß-dystroglycan immunoreactivity can be
attributed to the cleavage of ß-dystroglycan by matrix
metalloproteinases (MMPs), as the experiments of
Milner et al. (2008) suggest. MMPs -2 and -9 are able to
remove that fragment of ß-dystroglycan, which connects
it to α-dystroglycan, and thereby to laminin (Yamada et
al., 2001; Zhong et al., 2006). It results in the decoupling
of the gliovascular connections. Several data show that
the activities of MMPs increase following cerebral
lesions, e.g. cerebral ischemia (stroke model), trauma, or
inflammation (Asahi et al., 2000; Chang et al., 2003;
Fukuda et al., 2004; Yong, 2005; del Zoppo et al., 2007;
Milner et al., 2008). MMP (collagenase) activity also
promotes the immunohistochemical detectability of
cerebrovascular laminin (Mauro et al., 1984; Krum et al.,
1991). Actually, MMP activity can be one of the
mechanisms of gliovascular decoupling mentioned in the
previous paragraph (Wagner et al., 1997; del Zoppo and
Milner, 2006). Another possible explanation is that the
glial end-feet surrounding the newly formed vessels of
revascularization don’t yet express dystroglycan.
However, Western blot studies of Milner et al. (2008)
demonstrated a decrease in ß-dystroglycan level, which
supports the former possibility. As our double labeled
studies demonstrated, during vascular reparation ß-
dystroglycan immunopositivity re-appears before that of
laminin disappears. Their final convergence may refer to
the ongoing vascular regeneration, the restitution of the
gliovascular connections, and when these take place the
laminin immunoreactivity disappears.
α1-dystrobrevin

Similarly to laminin, α-dystrobrevin immuno-
reactivity changed in concert with ß-dystroglycan
immunoreactivity. However, whereas in the case of the
transmembrane ß-dystroglycan the removal of its
extracellular part by MMP-9 might provide an
explanation, this explanation cannot be applied for α1-
dystrobrevin. It is an intracellular peripheric protein
connected to the intracellular part of ß-dystroglycan via
dystrophin (Ueda et al., 1995; Amiry-Moghaddam et al.,
2004). Therefore the correlation between their
disappearance probably demands a more elaborated
molecular mechanism e.g. the disintegration of the DGC
as a consequence of the cleavage of ß-dystroglycan.
Disintegration might expose α1-dystrobrevin to
intracellular proteolytic degradation as suggested by the

decreased protein level shown by Western blot analysis.
It is to be noted that the correlation between the
immunoreactivities of ß-dystroglycan and α1-
dystrobrevin is not strict, because during repair
(revascularization) the re-appearance of ß-dystroglycan
immunoreactivity precedes that of α1-dystrobrevin. This
might be attributed to a delay in its synthesis, and/or to
the necessity of the re-establishment of the dystroglycan-
dystrophin connection before the binding of α1-
dystrobrevin. 
Utrophin

Its ‘behavior’ was similar to that of laminin with
which it frequently seemed even to co-localize. This co-
localization, however, was not strict and the time-
courses of the post-lesion appearance and disappearance
of the two proteins were somewhat different. Utrophin
immunohistochemistry detects numerous vessels in
cryostat sectioned, unfixed, intact brain tissue (see Ueda
et al., 1995; Knuesel et al., 2000; Haenggi et al., 2004
and our own unpublished observation). This fact renders
the role of epitope hiding plausible, similarly to the cases
of laminin and nidogen. Similarly to laminin, utrophin is
also detectable in the area of the Virchow-Robin spaces
and in those circumventricular organs where the blood-
brain barrier is leaky and there is a space around the
vessels, e.g. in the subfornical organ. Therefore the
immunohistochemical detectability of utrophin seems to
be in correlation with a space - maybe only in the
molecular dimension - around the vessels, as is
suggested for laminin (Krum et al., 1991). However,
utrophin being positioned intracellularly, a more
elaborated molecular mechanism is to be assumed to
explain how structural changes of the basal lamina affect
this protein. 

Since in frozen (cryostat) sections of intact brain
utrophin was immunoreactive, it proves that - like with
laminin - its increased level is not an essential condition
of the appearance of immunoreactivity in the brain
vessels following lesions. It is to be mentioned, however,
that in the meantime our colleagues studying another
(ischemic) model estimated by Western blot an increased
level of utrophin but not laminin (Wappler et al., 2011).

We suppose that as the detectability of laminin is in
correlation with the destruction of the basal lamina and
the dissolution of the gliovascular connections, the
appearance of utrophin immunoreactivity is a sign of
restitution. The fact that utrophin is not detectable in the
territory of the destroyed, necrotic brain tissue, in
contrast to laminin, indicates that utrophin
immunoreactivity manifests only when the (endothelial)
cells have not yet been destroyed completely.

Taking into account that utrophin is vascularly
localized (Knuesel et al., 2000; Culligan and
Ohlendieck, 2002; Haenggi et al., 2004; Haenggi and
Fritschy, 2006; Wolburg et al., 2009), while the other
DGC components investigated here are found in the glial
cells, it is clear that the changes in utrophin
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immunoreactivity do not correlate with those of the other
DGC components studied. Utrophin is supposed to
accompany ß2-syntrophin and ß1-dystrobrevin (Culligan
and Ohlendieck, 2002; Haenggi and Fritschy, 2006). 

α1-dystrobrevin immunopositivity re-appeared
along the utrophin-positive vessels in a later phase of
post-lesion reaction. We could not perform double-
labeling studies of ß-dystroglycan and utrophin, as both
antibodies were raised in mouse. However, we observed
that: a) the re-appearance of ß-dystroglycan preceded
both the re-appearance of α1-dystrobrevin and the
disappearance of laminin, b) utrophin was still detected
together with laminin and α1-dystrobrevin. Therefore
we may suppose that the re-appearance of ß-
dystroglycan immunopositivity also precedes the
disappearance of utrophin. 
α1-syntrophin

Following lesions, α1-syntrophin appeared in the
reactive astrocytes. Western blot data showed a post-
lesion increase of the protein level. Therefore we suggest
that post-lesion glial reaction involves the elevated
expression of α1-syntrophin. We might suppose that this
step represents the preparation for the re-organization of
the system of aquaporins and other channel and receptor
proteins. Syntrophins are regarded as ‘scaffolds’ of DGC
(Bragg et al., 2006). It is to be noted that no other
proteins investigated here emerged in reactive astrocytes
(except for, of course, GFAP). In our earlier studies
(Szabó et al., 2004) in reactive astrocytes we detected
the appearance of the spliced variant of the 71kD
dystrophin isoform (Dp71f) using the antibody 5f3
produced by Mornet (Fabbrizio et al., 1994).
Nevertheless, both the time courses and the areas of α1-
syntrophin and GFAP expressions are different. The α1-
syntrophin immunoreactivity developed later, in a more
confined area, and regressed earlier than that of GFAP in
the reactive astrocytes (for the latter one see also
Bignami and Dahl, 1976; Berry et al., 1983; Mathewson
and Berry, 1984; Hozumi et al., 1990). Further studies
are clearly needed to reveal its roles in the reactive
astrocytes.
Conclusions

This report describes the effects of two different
cortical lesions – cryogenic and stab wound – on the
immunoreactivities of the members of DGC and laminin.
The phenomena were similar in both lesions. We
suppose that similar alterations follow other cerebral
injuries. The variations of immunoreactivities may
reflect changes in the steric structure and/or
interconnection of the DGC components. These changes
are supposed to be suitable to characterize the stages of
post-lesion vascular reactions, damage and repair, and
help to monitor their progress, and provide – although
indirectly - a look at the cellular and molecular events
taking place.
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