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Summary. The properties of the arterial vasculature
depend to a large extent on the activities of smooth
muscle cells, which, in turn, are determined by their
extracellular environment. During pathological
conditions, such as atherosclerosis, this interaction is
altered. In close proximity to medial smooth muscle
cells are basement membrane components, such as
different isoforms of laminin. These proteins can have
great impact on cellular function via interaction with cell
surface integrins. However, knowledge of laminins in
smooth muscle cell basement membranes during normal
and pathological conditions is scarce.

Therefore, we have analyzed the presence of laminin
isoforms in atherosclerotic lesions of apolipoprotein E
(ApoE)-deficient mice. Our study revealed that the
laminin chain isotype composition within atherosclerotic
plaque tissue was different from the chain composition
in the media. In addition, obvious differences in laminin
chain composition could be observed in areas of the
media, which were or were not associated with plaque
tissue. Our major findings demonstrate that laminin
gamma3 was exclusively present in media associated
with plaque tissue. Laminin alpha2 was also enriched in
these medial areas. Plaque tissue was predominantly
enriched in laminin alpha5 chains. This general
distribution applied to lesions both with and without a
fibrous cap-like structure. The differential distribution of
laminin chains were partially accompanied by changes
in the presence of the integrin alpha subunits 7 and V.

The distribution of laminin chains in human
atherosclerotic arteries, with different size and

morphology, grossly resembled their distribution in
mouse arteries.
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Introduction

The arterial vasculature has to deal with
considerable pressure changes, while maintaining an
appropriately sized lumen. Medial smooth muscle cells
(SMCs) contribute to this ability by their elastinogenic
activity and contractile strength. The SMCs are also
implicated in the initiation and development of one of
the most common vascular diseases, atherosclerosis.
Their atherogenic activities include migration from the
media into the subendothelial space, proliferation and
production of extracellular matrix molecules and
lipoprotein-trapping proteins (Newby and Zaltsman,
1999). Mainly proteoglycans, but also laminins have
been implicated in this latter function (D’Angelo et al.,
2005; Doran et al., 2008).

In established atherosclerotic plaques SMC
proliferation can have a beneficial effect by the
generation of a stable fibrous cap, preventing plaque
rupture and concomitant downstream embolic vascular
occlusions (Newby and Zaltsman, 1999). Consequently,
apoptosis in vascular SMCs is associated with features
of plaque vulnerability, such as a thin fibrous cap
(Clarke et al., 2008). Taken together, it seems desirable
to have plaques populated with SMCs with restricted
proliferative, but good survival ability.

Many cellular functions are determined by the
extracellular environment, which includes both the
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extracellular matrix and soluble factors such as
cytokines. The basement membrane components
(laminins, collagen type IV, heparan sulfate
proteoglycans) underlying endothelial cells and encasing
medial SMCs are important extracellular matrix
structures for vascular integrity (Dingemans et al.,
2000). Vascular SMCs deprived of their in vivo
environment require cultivation on a laminin substrate to
maintain to some extent their contractile characteristics
(Hedin et al., 1988).

Laminins represent a family of large heterotrimeric
glycoproteins, each composed of one alpha, one beta,
and one gamma chain derived from eleven individual
genes coding for five different alpha, three different
beta, and three different gamma chains (Miner, 2008).
The linkage of the cytoskeleton to laminins can be
mediated by members of the integrin family and/or by
dystroglycan, which have both been observed in vascular
SMCs (Yao et al., 1997; Barresi et al., 2000). Integrins
have been shown not only to transmit force across the
cell membrane, but also to be able to influence growth
factor signal transmission (Clemmons and Maile, 2003;
Cabodi et al., 2004; Dekkers et al., 2007). Distinct
laminin isotypes interacting with different types of
integrins can therefore likely induce different responses
in medial SMCs (Genersch et al., 2003; Hallmann et al.,
2005; von der Mark et al., 2007).

An early investigation of developing and mature
human vessels demonstrated changes in beta chain
expression in coronary arteries with atherosclerotic
plaques, while alpha5 (in the study named A-) chains
were the only alpha chains detected (Glukhova et al.,
1993). The same chains have consecutively also been
observed in rodent aortic media (Sorokin et al., 1997),
and a more recent expression analysis on mouse aorta
using microarrays indicated the presence of alpha2,
alpha4, alpha$5, betal, beta2 and gammal chains
(Kelleher et al., 2004). However, the overall information
on laminin isoform expression in arteries, in particular
atherosclerotic arteries, is sparse.

In this study we have investigated whether the
distribution of laminin isoforms differs in atherosclerotic
lesions compared to normal media. This may have a
great impact on SMC behavior. Thus, we made an
immunohistochemical survey of arteries from ApoE-
deficient mice fed with a cholesterol-rich diet.

This analysis revealed that the laminin chain
composition within atherosclerotic plaque from mouse
indeed was different from the chain composition in the
media. In addition, obvious differences in laminin chain
composition could be observed in areas of the media,
which were associated with plaque tissue (plm, for
definitions see also Fig. 1) or were not associated with
plaque tissue (nm). In particular, significant expression
of laminin gamma3 chain was found in mouse plm. The
changes in laminin chains were partially accompanied
by changes in the expression of integrins. Further
analysis of human atherosclerotic plaques, although
limited in number, revealed a consistent distribution of

laminin chains within this material. It grossly resembled
the laminin chain distribution in mouse arteries.

Materials and methods

ApoE-/- mice on B6.129P2 background were
obtained from Taconic, Lille Skensved, Denmark.
Female animals 16-20 weeks of age were fed a
cholesterol-rich diet (containing 15% (w/v) cacoa butter
and 0.25% (w/v) cholesterol) for twelve weeks. Mice
were perfusion fixed using PBS followed by Histochoice
(Amresco Inc., Solon, OH, USA) injection via the right
atrium under constant pressure and drained via the
femoral artery. All experiments were performed in
compliance with institutional (Lunds University,
Sweden) and national guidelines.

Aortas were dissected out and stored in Histochoice
at 4°C. Aortas were removed from Histochoice and
dehydrated in 30% sucrose phosphate buffer and
embedded in OCT (Tissue-Tek OCT, Sakura Japan)
compound for sectioning. Aortic arches were frozen and
sectioned (6 ym).

Human coronary arteries were obtained at Papworth
Hospital (Cambridge, UK) from hearts explanted during
heart transplantation for advanced coronary heart disease
as part of a tissue bank of human coronary arteries
established by the MAFAPS consortium (Bellosta et al.,
2002). The explantation procedure was approved by the
local Ethics Committee of Papworth Hospital. The
arteries were cut into 1 cm sections and snap-frozen in
liquid nitrogen-cooled isopentane within minutes after
explantation. Thereafter, coronary arteries were
embedded in GSV tissue embedding medium (Slee
Technik; Germany) and stored at -80°C until use.

Frozen tissue specimens were cut with a Microm
HM 560 microtom into 6 ym sections and air dried on
Superfrost plus slides (Menzel, Germany) for 30 minutes
and stored at -80°C for further use. For immuno-
fluorescence detection of antigenes, frozen slides were
left to dry at room temperature and submerged for 10
minutes in -20°C methanol, transferred to PBS and
blocked with 5% goat serum in PBS for 1 h at room
temperature except stainings for alpha smooth muscle
actin and stainings of human tissue for laminin betal,
gammal and CD68, which were blocked with MOM-
block, further processed following the basic protocol of
the MOM-kit (Vector labs), and visualized with Cy3-
streptavidin (Sigma). For all other stainings the goat
serum blocking solution was exchanged against
antibodies (plus biotinylated Wisteria Floribunda
Agglutinin (WFA, Vector labs) for mouse tissue) diluted
in blocking solution overnight. Slides were washed with
PBS and incubated with Cy3-linked secondary antibody
(goat anti rat Ig or goat anti rabbit Ig, Jackson) in PBS
for 1 h at room temperature, washed again and mounted
with vectashield (Vector labs). The secondary antibody
solution for slides with mouse sections contained in
addition FITC-linked streptavidin (Amersham). Images
were taken on a Zeiss Axiophot 2 with a Hamamatsu
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C4742-95 camera
(Improvision).

Antibodies against laminins alpha2 (Schuler and
Sorokin, 1995; Ringelmann et al., 1999), alpha4
(Ringelmann et al., 1999), alpha5 (Sorokin et al., 1997),
betal (Sixt et al., 2001), beta2 (Sasaki et al., 2002;
Zenker et al., 2004), gammal (Wewer et al., 1983; Sixt
et al., 2001) from Lydia Sorokin, Muenster, against
laminin gamma3 (Gawlik et al., 2006a; Schlotzer-
Schrehardt et al., 2007) from Takako Sasaki, Erlangen,
and against integrin alpha7B (Cohn et al., 1999; Gawlik
et al., 2006b) from Ulrike Mayer, Manchester, were kind
gifts. Antibodies against alpha smooth muscle actin
(1A4, Sigma; Strém et al., 2004), CD68 (KP1, DAKO;
Goncalves et al., 2008), integrin alphaV (AB 1923,
Chemicon; Beauvais et al., 2009) and integrin betal
(9EG7, Pharmingen; Lenter et al., 1993) were
commercially obtained.

Total RNA from aortas stripped of adventitial and
endothelial layer was isolated independently from eight
wild type and eight ApoE-deficient mice (16-20 weeks
old) using TRIzol reagent (Invitrogen) and RNeasy
columns (Qiagen) according to the manufacturer's
specifications. RNA integrity and purity was analyzed
with an Experion Automated Electrophoresis System
(Bio-Rad) and quantified using a ND-1000
spectrophotometer (NanoDrop Technologies). Purified
total RNA was reverse transcribed with MMLV Reverse
Transcriptase (Invitrogen). Quantitative real-time PCR
was carried out using SYBR Green PCR Master Mix and
a 7900HT Fast Real-time PCR System (Applied
Biosystems). Relative mRNA expression was calculated
from standard curves, constructed by serial dilution of
gel-purified PCR products, and normalized to GAPDH
mRNA expression as housekeeping gene.

Primer sequences (5'-3"):

alpha5 Fw:GTACAGCTGCCAACAGCAAC;
alpha5 Rev:TTGGCAAACTTGATGAGCAC;

beta2 Fw: GTGTGGCTTGCATAGCCCT,;

beta2 Rev:TCCGATGACTATTTGGGTTGTCT;
GAPDH Fw:AGGTCGGTGTGAACGGATTTG;
GAPDH Rev:TGTAGACCATGTAGTTGAGGTCA.

and Openlab 5 software

Results

Immunohistochemical detection of laminin chains in
atherosclerotic aortas from mice

In this study we have used ApoE-deficient mice
which, when fed a cholesterol-rich diet, develop arterial
lesions with structural features similar to human
atherosclerotic lesions. In nm positive signals with
antibodies against the alpha2, 4, and 5 chain, beta2 chain
and gammal chain could be detected (Figs. 2A-C, E, F,
3A-C, E, F). Positive staining for the laminin chain betal
was restricted to plaque, whereas prominent gamma3
immunoreactivity was only present in plm (Figs. 2D,G,
3D,G). It was noticed that most atherosclerotic plaques

were well-recognized by the lectin WFA, while medial
tissue in general exhibited a lower binding to the lectin
(Figs. 2, 3). Therefore, the biotinylated lectin was
employed as counterstain.

Analyzed atherosclerotic plaques from mouse
arteries could be grossly divided into two groups
depending on their morphology; plaques not exhibiting
(Fig. 2) and exhibiting (Fig. 3) a distinct fibrous cap-like
structure at the luminal border. This morphological
distinction was in agreement and supported by the
distribution of CD68-positive macrophages (Figs. 2H,
3H) in the superficial tissue of the plaque not exhibiting
such a distinct structure (Fig. 2H). In contrast, alpha
smooth muscle actin was, apart from being expressed in
the media (Figs. 21, 31), localized to the superficial tissue
of plaques with a distinct fibrous cap-like structure along
the lumen (Fig. 3I). This alpha smooth muscle actin
immunoreactivity (Fig. 31, arrow) was not present in a
CD68-enriched shoulder region of the plaque (Fig. 3H,
arrow). The individual laminin chains showed a grossly
similar distribution in these different types of plaque
(Figs. 2A-G, 3A-G).

Laminin alpha2 chains were detectable throughout
the media (Figs. 2A, 3A). The signal intensity was
markedly increased in plm, whereas the signal was
minute in the plaque itself, where only occasionally a
faint staining delineating the border to the lumen could
be seen (open arrow head, Fig. 3A).

Laminin alpha4 chains were ubiquitously present in
the media and plaque tissue (Figs. 2B, 3B). Although the
signal was apparent throughout the media, the intensity
was reduced in plm compared with nm (Fig. 2B). Within
plaque tissue staining was heterogeneous, in most parts
at the same level as in plm, but occasionally small
patches with high intensity could be seen (Fig. 2B).

Laminin alpha5 chains were detected ubiquitously,
most prominently in plaque tissue, where in several
areas laminin alpha5 immunoreactivity was more intense
as compared to plm. In turn, compared to nm, plm
exhibited to some extent a stronger but less homogenous
laminin alpha$5 staining. The most intense plaque
staining was present in the superficial area (Figs. 2C,
3C), and particularly in association with fibrous cap-like
structures along the lumen (Fig. 3).

Laminin betal chains were almost exclusively
observed within the plaque, in particular in superficial
plaque tissue (Figs. 2D, 3D).

Laminin beta2 chains were present throughout media
and plaque tissue (Figs. 2E, 3E). However, staining
intensity within the plaque was reduced compared to the
media (Figs. 2E, 3E).

Laminin gammal chains were evenly distributed
throughout the media as well as in plaque tissue (Figs.
2F, 3F), where stronger immunoreactivity co-localized
with the fibrous cap-like structure.

Laminin gamma3 chain staining was exclusively
detected in plm, in particular in the inner plm (Figs. 2G,
3G).
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Increased expression of laminin alpha5 and laminin
beta2 mRNAs in aortic medias from ApoE-deficient mice

To confirm differences in laminin beta2 and alpha5
chain expression detected by immunofluorescence,
quantitative RT-PCR experiments were performed with
aortas isolated from C57BL/6 mice and from ApoE-
deficient mice fed a cholesterol-rich diet. Aorta
segments were stripped of adventitial and intimal tissue
before the medial tissue was processed, allowing
analysis of laminin beta2 and alpha5 chain expression
exclusively in SMCs. This experiment revealed that
expression of laminin alpha5 and laminin beta2 mRNAs
were significantly increased in the media from ApoE-
deficient mice. On average both mRNAs were increased
about twofold in aortas from ApoE-deficient mice as
compared to wild-type mice (Fig. 4). The analyses also
revealed that in relation to GAPDH the absolute level of
laminin beta2 mRNA is about 50-fold higher than the
level of laminin alpha5 mRNA (Fig. 4).

Immunohistochemical analysis of integrin betat, alphaV,
and alpha7 chains in atherosclerotic aortas from mice

Previous studies have shown that integrin alpha7,
alphaV and betal subunits are present in aortic tissue
(Cheuk and Cheng, 2004; Heerkens et al., 2006), where
they can interact with alpha2 and alpha5 chains
containing laminin isoforms (Genersch et al., 2003;
Hallmann et al., 2005; von der Mark et al., 2007).
Immunofluorescence staining confirmed localization of
these integrin subunits in the media and within plaque
tissue (Figs. 2, 3J-L). Betal integrin staining was
ubiquitously distributed with minor alterations in
intensity (Figs. 2J, 3J). The two alpha chains showed
more intense staining in the inner plm and deeper plaque
areas (Figs. 2, 3K,L).

plaque extended

border plaque tissue

Although distribution of the two alpha chains
appeared similar, the pattern of staining was clearly
different. A more homogenous pattern was observed for
alpha7 integrin (Figs. 2L, 3L), while distribution of
alphaV integrin appeared in a "polka dot" pattern, which
is in line with previous reports (Sakai et al., 2001;
Beauvais et al., 2009) (Figs. 2K, 3K).

Distribution of laminin chains in human atherosclerotic
plaques

We investigated five human atherosclerotic lesions
with different size and morphology: Specimen V
exhibited a large advanced plaque with no clear lumen,
but obvious areas of necrosis or lipid deposition;
specimen IV exhibited extended plaque tissue containing
obvious areas of necrosis or lipid deposition surrounding
a small central remaining lumen; specimen III exhibited
extended plaque tissue, which on one side contained
obvious areas of necrosis or lipid deposition,
surrounding a large central lumen; specimen II exhibited
extended plaque tissue on one side of a more laterally
located lumen, with minor plaque tissue on the opposite
side; specimen I exhibited the least advanced lesion of
just minor plaque tissue. Structures of neo-
vascularisation were usually observed within extended
(specimens II-V), but not within minor (specimens I and
II) plaque tissues.

The immunohistochemical analysis demonstrated
laminin alpha2 deposition in all specimens (I-V), both in
the SMC layers in the media as well as in the plaque
(Fig. 5A,C.E.G,H). In specimens IV and V the laminin
alpha2 staining observed in the plaques was weaker
compared to the staining in the medial tissue (Fig.
5G.,H). In specimens II, IIT and IV, laminin alpha2
deposition colocalized with the plaque border,
surrounding the remaining lumen (Fig. 5C.E,G). Diffuse

fibrous
cap
tissue

Fig. 1. Schematic figure of
atherosclerotic plaques in
mouse (A) and human (B)
arteries. nm: media not
associated with plaque; plm:
media associated with plaque.

necrotic
plaque tissue
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Fig. 2. Immunofluorescence staining of laminin chains and integrin subunits in atherosclerotic plaques from ApoE-deficient mice, lacking a fibrous cap-
like structure. Frozen sections were incubated with antibodies against laminin alpha2 (A), alpha4 (B), alpha5 (C), betal (D), beta2 (E), gamma1i (F),
and gammas3 chains (G), CD68 (H), alpha smooth muscle actin (I) (not in insert), and integrin beta1 (J), alpha (K) and alpha7 subunits (L) (all in red).
Plaque tissue is indicated by gear wheels and the vascular lumen by a pentagon within the inserted images, which are counterstained with biotinylated
WFA (in green). The boxed area in |) indicates a staining signal, which was also evident with secondary reagents (MOM-kit) alone. Bar: 0.25 mm.
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Fig. 3. Immunofluorescence staining of laminin chains and integrin subunits in atherosclerotic plaques from ApoE-deficient mice exhibiting a fibrous
cap-like structure. Frozen sections were incubated with antibodies against laminin alpha2 (A), alpha4 (B), alpha5 (C), betal (D), beta2 (E), gamma1
(F), and gamma3 chains (G), CD68 (H), alpha smooth muscle actin (I) (not in insert), and integrin betal (J), alphaV (K) and alpha7 subunits (L) (all in
red). Plaque tissue is indicated by gear wheels and the vascular lumen by a pentagon within the inserted images, which are counterstained with

biotinylated WFA (in green). The fibrous cap-like structure is marked with a filled arrow head. Bar: 0.5 mm.
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laminin alpha2 staining could also be observed within
the minor plaque tissue in specimen II (Fig. 5C) and in
specimen I this isoform to some extent colocalized with
the luminal border. The media in specimen I bound
laminin alpha2 antibodies less efficiently than medias of
more advanced lesions (Fig. 5A,C.E,G,H). Structures of
neovascularisation, which were detected in extended
areas of advanced human plaques by antibodies against
alpha4 and alpha5 laminin chains (Fig. 6A,B), did not
exhibit a similar clear laminin alpha2 chain staining
(Fig. 5C).

Laminin alpha4 chains were shown to be present in
very low amounts in the media of arteries with less
advanced lesions, as shown for specimen II (Fig. 6A),
and were essentially absent in the media of human
arteries with more advanced lesions as shown for
specimen IV (Fig. 7D,D"). Within plaques laminin
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alpha4 staining was mainly present around the remaining
lumen, particularly evident in specimens II (Fig. 6A) and
IIT (not shown). Apart from neo-vascular structures the
staining intensity in the plaque tissue was otherwise
weak compared with the staining of peripheral nerves
and micro-vasculature located on the adventitial outside
of the coronary artery (Figs. 6A, 7D,D").

Laminin alpha5 chains were clearly present in the
media of all five human specimens and exhibited an
even more intense immunoreactivity in plaques from the
more advanced lesions (II-V) (Figs. 6B, 7A,G). In
specimens IV (Fig. 7A), III (not shown) and IT (Fig. 6B)
intense staining was present in the luminal plaque border
and in the fibrous cap tissue region. This distribution
resembled the localization of laminin alpha5 in mice
(Figs. 2C, 3C).

Laminin betal chains were essentially absent from

P=0.0002
0.034 I A |
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0.02- _—h
AAAA
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0.01- e®
@y »
0.00 L 4 T
Wild type ApoE -/-
P=0.0002
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0.020- I
0.015-
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Wild type
Murine Laminin o5 isoform

Fig. 4. RT-PCR analyses of aortic tissue from ApoE-deficient and wild-type B6 mice. Aortas from individual age-matched wild-type B6 mice (dots) and
from ApoE-knock out mice (peaks) on Western diet for twelve weeks were cleaned from adventitial and intimal tissue and homogenized. The extracted
RNA was subjected to RT-PCR with primers for laminin beta2-, alpha5 chains, and GAPDH.
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Fig. 5. Immunofluorescence stainings of alpha2 and gamma3 laminin on human atherosclerotic plaques. Frozen sections of human specimen | (A, B),
Il (C, D), Il (E, F), IV (G), and V (H, I) were incubated with antibodies against alpha2 (A, C, E, G and H) and gamma3 (B, D, F and I) laminin chains
(both in red). Autofluorescence of the tissue in the FITC channel (490 nm) is presented in green. Arrow heads indicate extended plaque tissue-
associated luminal borders. Pentagons indicate the remaining vascular lumen, and open squares the media. Bars: D (for A-F), G, and | (for H and 1), 1
mm.
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the media, but were present in areas of the fibrous cap to be similar to that in mice (Figs. 2D, 3D). The presence
tissue in advanced lesions, as shown for specimens II of laminin betal chains was pronounced around narrow
(Fig. 6C) and IV (Fig. 7E). This distribution was shown extensions of the lumen into the plaque tissue. Betal

Fig. 6. Immunofluorescence stainings of human atherosclerotic aortic tissue specimens Il and Ill. Consecutive frozen sections from specimens Il (A-H,
J and K) and Il (I, L) were incubated with antibodies against laminin alpha4 (A), laminin alpha5 (B), laminin betal (C), laminin beta2 (D), laminin
gammal (E), betal integrin (F), CD68 (G), alpha7 integrin (H and I), alpha smooth muscle actin (J), alphaV integrin (K and L) (all in red).
Autofluorescence of the tissue in the FITC channel is presented in green. Laminin staining of extended plaque tissue-associated luminal borders is
indicated by closed arrow heads and minor plaque tissue by open arrow heads. Stars indicate neovascular structures. Pentagons indicate the
remaining vascular lumen, and open squares the media. Bar: 1 mm.



Fig. 7. Immunofluorescence stainings of human atherosclerotic aortic tissue specimens IV and V. Frozen sections of specimen VI (A-E) and specimen
V (F-l) were incubated with antibodies against laminin alpha5 (A and G), laminin gamma1 (B), laminin beta2 (C), laminin alpha4 (D and D'), and
laminin beta1 (E), alphaV integrin (F), alpha smooth muscle actin (H), and CD68 (1) (all in red). Autofluorescence of the tissue in the FITC channel is
presented in green. Arrow indicates infiltration of by CD68 positive macrophages in the media. Pentagons indicate the remaining vascular lumen, open
squares the media, and stars neovascular structures. Bars: A (for A-E) and F (for F-1), 1 mm.
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chains were also observed in structures of
neovascularization (Figs. 6C, 7E).

Laminin beta2 chains were clearly present in the
media of all human specimens and in structures of
neovascularization of plaque tissue (Figs. 6D, 7C). In
specimens II (Fig. 6D) and III (not shown) laminin beta2
chains were detectable in the luminal plaque border and
present in the fibrous cap tissue in specimen IV (Fig.
7C). However, compared to the media, laminin beta2
chains were, as in mouse tissue, less apparent in the
plaque tissue.

Laminin gammal chains were, similar to mouse
tissue, generally present, including structures of
neovascularization and the luminal plaque border (Figs.
6E, 7B).

Laminin gamma3 chain staining with the same
rabbit antiserum as used for mouse tissue, which has
previously been proven to function on human tissue
(Schlotzer-Schrehardt et al., 2007), exhibited an overall
weak signal. In the media, as well as in the plaque and at
the luminal plaque border, the signal could only be
detected by image enhancement (Fig. 5SB,D,F]I). As a
consequence, autofluorescent signals of the necrotic
tissue became visible in red (compare Fig. SF with Fig.
SE).

Analysis of cell composition and integrin chains in human
atherosclerotic plaques

The presence of macrophages was confirmed by
CD68 antigen reactivity in the plaques and was localized
to areas surrounding the remaining vascular lumen, but
also elsewhere (Figs. 6G, 71, and not shown). In
specimen V macrophages could also be detected in the
media (Fig. 7I). Alpha smooth muscle actin was clearly
detectable in the media of all specimens (Figs. 6J, 7H),
and was also present at the luminal plaque border (Fig.
6J).

Betal, alpha7 and alphaV integrin staining could be
observed in the media of all specimens (Figs.
6F,H,I.K,L, 7F). Betal and alpha7 integrin staining
intensity was usually lower within the atherosclerotic
plaque tissue, including the luminal plaque border (Fig.
6F.H.I). AlphaV integrin staining in less affected arteries
(specimen II and III) showed similar intensity in the
media and at the luminal plaque border (Fig. 6K,L). This
was also the case in distinct areas of advanced plaques in
specimen IV (not shown) and V (Fig. 7F). An intriguing
co-distribution of the staining for alphaV integrin and for
alpha5 laminin chains was observed occasionally (Fig.
7EG).

Discussion

In this study we have found distinct changes in the
presence and in particular the distribution of laminin
chains in atherosclerotic arteries from ApoE-deficient
mice fed a cholesterol-rich diet. These changes include
differences in the presence of laminin isotypes between

nm, plm, and plaque tissue. Our findings indicate that
different laminin isoforms may be important for SMC
function in the development of an atherosclerotic lesion
and thus also for the outcome of the disease process. In
particular, we revealed the presence of laminin alpha2
chains predominantly associated with plm, and laminin
alpha5 chains associated with plaque tissue. Moreover,
we detected the laminin gamma3 chain exclusively in
plm. It was recently discovered that this laminin chain
may be a dominant negative inhibitor of integrin binding
(Ido et al., 2008). This observation might indicate a so
far undetected biological function of the laminin
gamma3 chains in a mechanism to modulate integrin-
mediated signaling in medial SMCs.

No clear signal above background staining could be
observed for the laminin alpha3 and beta3 chains. It is of
note that the same antisera gave a clear positive staining
of epithelial basement membranes in co-processed
esophagus tissue. Traces of these two and laminin
gamma? chains, which together constitute the major
epithelial laminin, have been detected in rat aortas, but
only by using special fluorescence amplification and
photobleaching methods (Kingsley et al., 2002). In
addition, an antiserum, which detects laminin alphal
chains in brain, revealed no clear signals in the
atherosclerotic specimens (U. R., unpublished
observations).

Even though the human atherosclerotic specimens
were limited in number, our observation of the presence
of laminin alpha2 chains within the media, and the
presence of laminin alphaS chains predominantly in
plaque tissue, is in line with the findings in mouse tissue.
Thus, these and other similarities indicate that the ApoE-
deficient mouse appears to constitute an appropriate
animal model to investigate the role of basement
membrane components in the atherosclerotic process.

A difference observed between human and mouse
was the clear occurrence of laminin alpha2 chains in
human, but not mouse plaque tissue. In particular,
laminin alpha2 chains were detected at the luminal
plaque border in human atherosclerotic tissue of
specimen II, IIT and IV. Interestingly, all investigated
laminin chains and integrin alphaV subunits were
distributed in a similar way at this location, where they
were associated with lined up alpha smooth muscle actin
positive cells. The specimens used in the present study
came most likely from patients with stable coronary
artery disease. A more comprehensive human material
including stable as well as vulnerable lesions is needed
to further investigate the role of laminin isoforms in the
development of human atherosclerosis.

The present study shows distinct different
compositions of laminin isoforms in atherosclerotic
tissue compared to nm from mouse and human. We
speculate that these extracellular environments differ
significantly in their ability to interact and communicate
with cells. Particularly, the obvious paucity of laminin
alpha2 and laminin beta2 chains in the plaque tissue
might have a strong effect on the ability of cells to avidly
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interact with basement membrane structures. In neuro-
skeletal muscular junctions of mice lacking laminin
alpha2 or laminin beta2 chains, the result was a
reduction in the interdigitation between the muscle cell
surface and the basement membrane via folds in the
muscle cell membrane (Patton, 2000). SMCs are known
to form caveolae, which can similarly interdigitate with
basement membranes and extend the contact area of the
SMC surface (Halayko et al., 2008). SMCs, lacking the
ability to form caveolae, are more proliferative and
migratory, activities, which enhance neointima
formation during vascular injury (Hassan et al., 2004).
Based on these observations it is tempting to speculate
that a lower level of laminin alpha2 and beta2 chains
might augment the ability of SMCs to migrate.

In contrast to alpha2 and beta2 chains, increased
amounts of alpha5 chain containing laminins were
observed in the plaque tissue. While alpha7betal may be
the only integrin able to bind to laminin alpha 2 chains,
alpha5 chain containing laminins appear to be much
more promiscuous ligands. In lymphocytes, glioma and
epithelial cells, integrin alpha6betal (Gorfu et al., 2008),
integrin alpha3betal (Kawataki et al., 2007), and
integrin alphaVbeta3 (Genersch et al., 2003),
respectively, can bind alpha5 chain containing laminins.
Thus, the increased amount of laminin alpha5 chains in
the plaque tissue could, at least partially, be associated
with the observation of integrin alphaV chains. Integrin
alphaV has been shown to be rapidly upregulated after
wire-induced lesion formation in ApoE-knockout mouse
carotid arteries (Sadeghi et al., 2004). Ligand binding of
alphaVbeta3 integrin has been shown to induce
increased SMC migration and proliferation as a response
to IGF-I stimulation (Maile et al., 2007). AlphaVbeta3
intergrin-laminin alpha5 interaction has also been shown
to affect growth factor response in epithelial cells
(Genersch et al., 2003). Another example for integrin
isoform-dependent alterations in growth factor responses
is that oligodendrocyte precursor cells grown on the
alphaVbeta3 integrin ligand vitronectin show a
proliferative response upon PDGF stimulation while
alpha2 chain containing laminin substrate primarily
promoted survival of these cells (Baron et al., 2003). In
muscle tissue of mice and of man deficient in laminin
alpha2 chains apoptosis is indeed a hallmark and this
pathology can be ameliorated by anti-apoptotic agents
(Erb et al., 2009). Interestingly, while cell binding-
induced survival signals are generally considered as
integrin-mediated, has anti-apoptotic activity of laminin
alpha2 chains recently been demonstrated to be mediated
by dystroglycan (Munoz et al., 2010).

It has been observed that the proportion of SMCs
undergoing apoptosis is significantly increased in
unstable versus stable atherosclerotic lesions (Bauriedel
et al., 1999). Therefore, the presence of laminin isotypes
favoring survival of differentiated cells in the plaque
tissue may be of advantage and laminin alpha2 chains
may have such an effect. These considerations appear to
mark the laminin alpha5 chains and their substitution by

laminin alpha2 in the plaque tissue as a possible
therapeutic target. However, while the presence of
laminin alpha2 chains in the media affects only smooth
muscle cells, the expression of these chains in the intima
is likely to affect also endothelial cells by being
integrated into the endothelial basement membrane, a
condition, which has to be carefully evaluated for a
potential impairment of endothelial function.

In conclusion, our most important findings of mouse
and human atherosclerotic aortic tissue demonstrate the
presence of laminin alpha2 chains predominantly in the
media, and the presence of laminin alpha5 chains
predominantly in plaque tissue, in both species. Our
findings indicate that the ApoE-deficient mouse
constitutes an appropriate animal model to investigate
basement membrane related mechanism in the
atherosclerotic process. These observations open up
possibilities for further experimental approaches to
modulate the atherosclerotic process in mice via
alterations of basement membrane components.
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