
Summary. The clinical consequences of arterial
atherosclerotic lesions depend, apart from their size, on
their composition of cellular and extracellular
components. While an intact endothelium at the interface
of atherosclerotic plaques towards the blood can prevent
its erosion, underlying smooth muscle cells within the
plaque can reduce the risk of plaque ruptures, due to the
deposition of stabilizing extracellular matrix. Basement
membranes underlay and support the function of
endothelial cells, and embed smooth muscle cells in the
media, the source of most smooth muscle cells within
atherosclerotic plaques. 

In the present study mouse atherosclerotic plaques
were comparatively analyzed for the basement
membrane components laminin, type IV collagen,
perlecan, and agrin. Distinct agrin immunofluorescence
was found in the peri-luminal area in mouse carotid
atherosclerotic plaques. Agrin was also clearly present in
the media, with a significant increase in regions directly
associated with plaque tissue. 

In addition, ten human endarterectomy specimens
were investigated for this heparan sulfate proteoglycan.
No statistically significant differences in agrin
immunofluorescence were noticed between five
specimens from symptomatic and five from
asymptomatic patients. In all these plaques agrin was
present in a distinctive manner in a narrow zone partially
or almost completely surrounding the lumen.

Additionally it was also present around the small lumina
of the CD31-positive neovessels. The presence of agrin
at locations with particular importance for the growth
and stability of atherosclerotic plaques renders this
molecule strategically positioned to influence plaque
development and vulnerability. 
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Introduction

Atherosclerotic plaques are intimal accumulations of
cells, lipids and extracellular matrix components, often
with a structural organization indicating ongoing
inflammation and repair processes (Schwartz et al.,
2000; Zenovich and Taylor, 2008). Smooth muscle cells
recruited from the media have the main responsibility for
these processes (Bennett et al., 2016). Smooth muscle
cells are able to produce fibrous connective tissue, which
can make plaques more stable by surrounding the
inflammatory core of the plaque with a thick layer of
collagen (Schwartz et al., 2000). This reduces the
likelihood of a cap rupture leading to subsequent
thrombosis. Thrombosis may also result from
endothelial erosion caused by a loss of adhesion of
endothelial cells to the underlying extracellular matrix, a
basement membrane (White et al., 2016). 

Smooth muscle cells in the media are embedded in
basement membrane molecules (Dingemans et al.,
2000). Basement membranes are multifunctional sheets
of extracellular matrix molecules, which can direct tissue

Distinctive peri-luminal presence of agrin in 
murine and human carotid atherosclerotic plaques
Uwe Rauch1, Eva Bengtsson2, Isabel Gonçalves3 and Anna Hultgårdh-Nilsson1
1Department of Experimental Medical Science, Lund University, Lund, 2Department of Clinical 
Sciences and 3Department of Cardiology, Clinical Sciences, Lund University, Malmoe, Sweden

Histol Histopathol (2018) 33: 717-726

http://www.hh.um.es

Offprint requests to: Dr. Uwe Rauch, Institute of Experimental Medicine,
Lund Univeristy, BMC C12, 22184 Lund, Sweden. e-mail:
uwe.rauch@med.lu.se
DOI: 10.14670/HH-11-970

Histology and
Histopathology

From Cell Biology to Tissue Engineering



organization and provide structural support by
presenting binding sites for cell adhesion molecules,
thereby affecting cell signaling, differentiation,
proliferation and migration (LeBleu et al., 2007). Major
network forming constituents of basement membranes
are laminins and type IV collagen molecules, while
heparan sulfate proteoglycans (HSPGs) such as perlecan
can mediate, among other functions, interconnections
between these networks (Behrens et al., 2012;
Hohenester and Yurchenco, 2013).

Laminins exist in different isoforms, always
consisting of 3 protein chains: one alpha, one beta and
one gamma chain. We have previously demonstrated the
presence of distinct laminin chains in atherosclerotic
plaques and in the media around the plaque (Rauch et
al., 2011b). Laminins composed of alpha5, beta1, and
gamma1 chains have been identified as the predominant
laminin isoform within the atherosclerotic plaque. In
atherosclerotic plaques, both in mice and humans,
laminins are mainly concentrated in an area close to the
lumen. In large plaques laminin-immunoreactivity fades
with increasing distance from the lumen and is barely
observed in the region of plaques close to the media
(Rauch et al., 2011b). 

Advanced carotid artery atherosclerotic plaques can
be induced in ApoE-deficient mice in a standardized
fashion by a shear stress altering periadventitial cast
(Cheng et al., 2006; Shami et al., 2013). In this model
we have studied the importance of an intact connection
between the basement membrane and smooth muscle
cells in the development of atherosclerotic plaque
formation. Mdx mice carry a point mutation in the
dystrophin gene, which codes for a molecule connecting
in muscle cells the actin cytoskeleton with the
dystrophin-glycoprotein-complex (DGC), which can
bind extracellular to various basement membrane
components. These mice exhibited a significant decrease
in plaque size (Shami et al., 2015). 

The DGC can bind several laminin alpha chains,
perlecan and agrin (Hohenester and Yurchenco, 2013).
Perlecan and agrin are complex molecules with long,
negatively charged heparan sulfate (HS) chains with
various properties, such as providing anti-thrombin
binding sites, once suggested to be anti-atherogenic
(reviewed by (Pillarisetti, 2000)). Supporting this idea, it
has been shown that the expression of the HS degrading
enzyme heparanase is associated with plaque
vulnerability in pigs (Baker et al., 2010) and
symptomatic atherosclerotic lesions in humans
(Osterholm et al., 2013). However, HSPGs have an
inhibitory effect on smooth muscle cell proliferation
(Pillarisetti, 2000), which on the other hand may
increase plaque vulnerability, since smooth muscle cells
and their produced extracellular matrix are believed to
stabilize the plaque. Accordingly, mice lacking perlecan-
linked HS chains display an increased neointima
formation and smooth muscle cell proliferation after
flow cessation of the carotid artery (Tran et al., 2004).

Mice lacking perlecan-linked HS chains on an ApoE-
deficient background show reduced plaque development,
arguing for a proatherogenic role of HS chains (Tran-
Lundmark et al., 2008). In summary, in the ApoE-
deficient mouse model of atherosclerosis impairment of
basement membrane components, such as perlecan
lacking HS-chains, or of basement membrane receptors,
such as a DGC lacking connection to the cytoskeleton,
inhibit atherosclerotic plaque development. 

We have previously demonstrated the presence of
specific laminin chains in atherosclerotic plaques from
mice and humans (Rauch et al., 2011b). In this study
consecutive sections of mouse atherosclerotic plaques
were analyzed for the presence of type IV collagen,
perlecan, and for the less investigated HSPG agrin. In
the vasculature, agrin has so far mainly been associated
with barrier properties of brain endothelial cells where it
has a supporting role (Steiner et al., 2014) and with the
classification of the malignant properties of
hepatocellular tumors (Tatrai et al., 2009). The current
study is the first to investigate the distribution of agrin in
murine and human atherosclerotic plaques. 
Materials and methods

Patients

Endarterectomy specimens were obtained from
patients, which were enrolled in the Carotid Plaque
Imaging Project (CPIP) approved by the regional Ethical
Committee. Patients were clinically assessed
preoperatively by an independent neurologist and
considered to have asymptomatic disease if they had no
amaurosis fugax, transient ischemic attacks or strokes 6
months prior to surgery and a stenosis degree higher than
80%. Symptomatic patients had stenosis degrees higher
than 70%, assessed by ultrasound. All patients gave
informed consent.
Animals

All animal experiments were approved by the
Malmo/Lund regional ethical committee (Sweden) and
were carried out in accordance with the approved
guidelines. ApoE–null mice (a gift from Prof. Stefan
Jovinge, Grand Rapids, Michigan) were from 16 weeks
of age kept on a cholesterol rich diet (R368: 0.15%
cholesterol, 21% fat from Lantmännen, Sweden) until
they were sacrificed. To induce plaque development in a
standardized way, 2 weeks later a shear stress altering
cast was placed around the right common carotid artery
(Cheng et al., 2006). The cast remained for 12 weeks
until the mice were euthanized. Carotid arteries
including the areas surrounding the cast and the
bifurcation were removed, embedded, frozen and
sectioned. Advanced plaques, developed upstream of the
cast, and plaques developed at the bifurcation were
analyzed.
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Histology and immunohistochemistry

Snap-frozen human carotid plaques and mouse
carotid artery fragments used for fluorescence-
immunohistochemistry were embedded in optimal
cutting medium (Sakur Finetek, Japan). Anti-laminin 1
(Sigma; detecting laminin alpha-1, beta-1 and gamma-1
chains, based on previous studies able to detect beta-1
chains in the plaque as well as gamma-1 chains in the
plaque and in the media (Rauch et al., 2011b)), anti- type
IV collagen (abcam, ab125884), anti-agrin (generous gift
from Marcus Ruegg, #204), anti-perlecan (generous gift
from Karin Tran-Lundmark, HK102), and anti-mouse
CD31 (Dianova, SZ31), anti-human CD31(Dako), anti-
mouse CD68 (Serotec, MCA1957), and anti-human
CD68 (Dako) were used as primary antibodies. Cy3 -
conjugated (goat anti rabbit Ig), FITC-conjugated (goat
anti rat Ig) (Jackson Immunoresearch laboratories Inc.
Baltimore Pike, PA, USA) or ALEXA 480 conjugated
(goat anti mouse IgG) were used as secondary
antibodies. The slides were mounted using Vectorshield
antifade mounting medium (H-1000). Images of the
stained sections were captured using a Zeiss Axiophot 2
with a Hamamatsu C4742-95 camera, using an X-cite
series 120Q lamp (Lumen dynamics) and Openlab 5
software (Improvision). 
Quantitative and statistical evaluation of immunohisto-
chemical images 

Fluorescence-immunohistochemical images were
analyzed with respect to intensity and spectral properties
of colors with BioPix software (BioPixAB, Gothenburg,
Sweden). The agrin positive fraction of the area of the
media in mouse specimens (n=4) was analyzed with
settings which rendered 25-45 % of the area of the media
in regions, which were covered by plaque, positive for
agrin. For statistical evaluation the value of the agrin-
stained fraction of the media covered by plaque was
normalized in every individual section to 100%. The
agrin positive fraction of the area of the media in regions
which were not covered by plaque was adjusted for each
individual section with the same, section-specific factor.
For human images (n=5+5) the linear resolution was
reduced 4-fold (to be handled by the program). Settings
for agrin were: Hue: 0.90.03, Saturation: 0.51,
Brightness: 0.30.9, and for CD68: Hue: 0.390.62,
Saturation: 0.291, Brightness: 0.40.86. Differences
between groups were tested with Mann-Whitney test, or
with un-paired t-test, using GraphPad Prism 7.03.
Results are expressed as median with interquartile range
(IQR) values, or as mean ± standard deviation,
depending on the variable distribution, respectively. 
Results

Perlecan, type IV collagen and agrin in mouse plaques

Consecutive sections of advanced carotid plaques

were analyzed for the basement membrane molecules
laminin, perlecan, type IV collagen and agrin (Fig. 1a-f). 

Laminin immunofluorescence was in most plaques
mainly located in a narrow area along the lumen (Fig.
1a,i,l). In contrast, perlecan was more generally
distributed in the plaque tissue and more evenly present
throughout the plaque (Fig. 1b). Type IV collagen-
immunoreactivity was more evident in the plaque area
close to the lumen, similar to laminins. However, type
IV collagen immunoreactivity appears less concentrated
in comparison to laminins (Fig. 1c). In this sense, the
distribution of type IV collagen was similar to the
distribution of perlecan, even if less evenly present
throughout the plaque. To reveal the differences in the
distribution of type IV collagen and perlecan more
clearly, double stainings were performed. The obtained
range of colors from green to red demonstrated that the
immunofluorescence for perlecan and type IV collagen,
respectively, was differentially distributed (Fig. 1d,g,j).
The more even distribution of perlecan in the plaque
resulted in the highest perlecan to type IV collagen ratios
in areas close to the media, which visualized in green.
The perlecan to type IV collagen ratio decreased towards
the lumen, where the color changed to yellow and
orange, clearly indicating diminution of the HSPG
perlecan relative to type IV collagen in these areas closer
to the lumen. The analysis of consecutive sections for
the HSPG agrin revealed that in most plaques agrin was
found predominantly in these perlecan-diminished areas,
a narrow zone next to the lumen, in a specific pattern
similar to laminin (Fig. 1e,h,k).

In summary, immunofluorescent staining showed
distinct distribution patterns for the major basement
membrane components laminin, perlecan and type IV
collagen and for agrin.

Agrin has previously not been described in the
context of the atherosclerotic disease. Therefore, in
addition, plaques at the carotid bifurcation were
investigated. Here, again a distinctive, very focal
distribution along the lumen was observed, although
occasionally also a more central localization of agrin
within the plaque (Fig. 2). Although agrin-immuno-
reactivity barely overlapped with endothelial CD31
staining, it was very closely associated, pointing to its
presence in the endothelial basement membrane besides
its occurrence in peri-luminal plaque tissue (Fig. 2a).
Further, similar to collagen type IV there was an obvious
diminution of agrin relative to perlecan in areas towards
the media (Fig. 2b). 

Agrin-immunoreactivity was also clearly present in
the media, in particular in regions directly associated
with plaque tissue. For quantitative analysis, four
suitable carotid artery sections from different mice, in
which parts of the media were associated and other parts
were not associated with plaque tissue, were selected.
Agrin-stained fractions of the different areas of the
media were analyzed. In regions covered by plaque the
agrin-stained fraction of the area of the media was
always higher, actually at least twice as high as the
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Fig. 1. Major basement
membrane constituents
show differential
distributions in advanced
carotid atherosclerotic
plaques of ApoE deficient
mice. a-f. Consecutive
sections were stained
with antibodies detecting
laminin 1 in red (a),
perlecan in green (b),
type IV collagen in red
(c), type IV collagen in
red and perlecan in green
(d), agrin in red (e),
without primary
antibodies (f). 
g-i. Consecutive sections
of a second animal were
stained with antibodies
detecting type IV collagen
in red and perlecan in
green (g), agrin in red
(h), laminin 1 in red (i). 
j-l. Consecutive sections
of a third animal were
stained with antibodies
detecting type IV collagen
in red and perlecan in
green (j), agrin in red (k),
laminin 1 in red (l). Scale
bar: 0.2 mm.



agrin-stained fraction of the area of the media not
covered by plaque. Statistical evaluation with Mann-
Whitney test revealed that the reduction of agrin staining
of the area of the media not covered by plaque was
significant (p=0.029), with a median of 44.9% (IQR 27-
48,5 %). 
Agrin in human plaques

Our previous analysis of laminin chains in murine
and human atherosclerotic plaques revealed considerable
similarities in subtype and distribution of individual
chains (Rauch et al., 2011b). Therefore, it appeared
interesting to determine whether similarities could also
be observed for agrin. While the presence of agrin in
normal human aortic tissue free of macroscopically
evident vascular pathology has been shown (Didangelos
et al., 2010), its presence and distribution in human
atherosclerotic plaques have not been investigated
previously. Therefore, ten carotid lesions, five each from
symptomatic or asymptomatic patients, were analyzed.
To see if agrin was present in inflammatory regions, we
performed a co-staining of CD68 and agrin. However,
no co-localization was present. Similar to our
observations in murine plaques, agrin was present in
human plaques in a narrow zone bordering the lumen,
thereby partially or almost completely surrounding the
lumen (Figs. 3, 4a). In one symptomatic plaque we
observed an undulatory deposition pattern of agrin
around the lumen (Fig. 3a). 

To evaluate whether the expression of agrin may be
different in carotid plaques from symptomatic and
asymptomatic patients, the fraction of the entire plaque
areas (excluding the lumen and the highly

autofluorescent areas of the outer rim), which was
positive for red agrin immunofluorescence, was
determined. The values of the agrin-positive areas did
not differ between the two groups (Fig. 5). The fractions
of CD68 positive areas were also determined, and the
results showed that CD68 positive areas were increased
in plaques from symptomatic patients compared to
plaques from asymptomatic patients (Fig. 5).

Agrin was also present around small lumina of the
neo-vascular structures in the human plaques (Figs. 3,
4). To address this further, a co-localization with the
endothelial marker CD31 was performed. It revealed that
several CD31 positive areas co-localized with agrin (Fig.
4b-e). In general, agrin appeared to be more prominent
around smaller vascular structures. 
Discussion

In murine advanced atherosclerotic plaque tissue the
presence and distribution of the basement membrane
components agrin, type IV collagen and perlecan, in
comparison to laminin were investigated. They could all
be observed and showed local differences in their
localization and intensity. Agrin and type IV collagen
were, like laminin, most commonly found in an area
along the lumen, while perlecan was distributed more
evenly throughout the plaque tissue. However, all these
proteins co-localized in an area close to the lumen. 

Agrin is like the more extensive investigated
perlecan a HSPG and ligand of the DGC, and in addition
able to directly interact with laminin (Bezakova and
Ruegg, 2003). Like in murine lesions we found agrin
also strongly evident in human atherosclerotic plaques in
a specific pattern, in a narrow zone bordering the lumen,
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Fig. 2. Agrin in plaques developing at the bifurcation. a. Agrin (red) + CD31 (green). b. Agrin (orange/red) + perlecan (green); note also in green the
autofluorescence of the elastic layers of the media; stars indicate the lumen, which is particularly small in b; Scale bar: 0.1 mm.



and also associated with intraplaque neovessels. The
presence of agrin at these specific locations with
particular importance for the growth and stability of
atherosclerotic plaques renders this protein, which has
previously not been described in atherosclerotic plaques,
strategically positioned to influence plaque development

and vulnerability. Perlecan immunofluorescence, in
comparison, is present throughout almost the entire
murine plaque, thereby probably more influencing
plaque integrity. Interestingly, a similar differential
distribution of perlecan and agrin has been reported from
neointimal lesions in arteries in renal allografts in rats
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Fig. 3. Agrin in human
atherosclerotic plaques.
Symptomatic (central area) (a)
and asymptomatic
endarterectomy specimens
(b) stained for agrin (red) and
cd68 (turquoise),
autofluorescence in blue;
stars indicate the lumen;
Scale bar: 0.4 mm.
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Fig. 4. Agrin in a symptomatic atherosclerotic plaque. a. Endarterectomy specimen stained for agrin (red) and cd68 (turquoise), autofluorescence in
blue; a star indicates the lumen. b-e. CD31 positive neovessel of the advanced human carotid symptomatic plaque shown in a. b, d. Only agrin in red.
c, e. Agrin in red and CD31 in turquoise, autofluorescence in blue. b, c, represent the area boxed in a. Scale bar: a, 0.4 mm, b-e, 0.2 mm.



(Rienstra et al., 2010). Similarily, in this study perlecan
was apparent throughout the plaque, while agrin was
concentrated close to the lumen, and in the media
prominent in regions associated with plaque tissue. 

The finding that agrin immunoreactivity is localized
particularly to neovascularisation has been reported in
diseased liver (Tatrai et al., 2006). It was observed that
the formation of new septal blood vessels in liver
cirrhosis and neoangiogenesis in hepatocellular
carcinoma results in a dramatic increase in the quantity
of agrin. From these observations it was hypothesized
that agrin might have a role in neo-angiogenetic
processes such as tumor vascularization. However, how
the presence of agrin might affect the properties of the
vascular wall remained elusive. Considering agrin’s
strong association with the vasculature of the brain,
agrin might protect the tumor tissue from immune
surveillance. On the other hand, it could also render the
vascular wall more permeable, for example for
metastasizing tumor cells.

In the report by Tatrai et al. it was concluded that
agrin probably originates from activated myofibroblasts,
vascular smooth muscle cells and biliary epithelial cells.
We have for our initial report not attempted to elucidate
the origin of agrin, which as a secreted protein is not
necessarily directly functionally coupled to its source of
origin. Agrin, which is also observed in the media, can
be obviously expressed by smooth muscle cells.
Interestingly monocytic cells also express agrin, and
even dystroglycan, the agrin binding DGC component
(Mazzon et al., 2012). Our localization of agrin close to
the lumen of vascular structures could also suggest
endothelial expression. The expression of agrin from
cultured murine brain capillary endothelial cells has
been reported recently (Thomsen et al., 2017). In vivo,

deleting agrin conditionally with a Tie2-Cre construct
strongly reduced, but did not eliminate agrin
immunoreactivity of brain vessels (Rauch et al., 2011a).
While these observations indicate that endothelial cells
can produce agrin, functionally, the strong reduction of
agrin in brain vessels did not obviously affect the blood-
brain-barrier properties of these vessels, rendering a
possible functional consequence of the expression of
agrin in the neovasculature of the plaque hypothetical
and open for speculation. 

The expression of agrin in the areas of the plaque
close to the lumen clearly overlaps with laminin and
type IV collagen. As a consequence cells in this region
appear to have the potential to assemble these molecules
into a structured basement membrane. In contrast our
observations suggest an independent expression of
perlecan in areas of the plaque close to the media, which
may not be surprising, since especially for perlecan
basement membrane independent functions, for example
in endochondral bone development, have been reported
(Ishijima et al., 2012). 

The presence of perlecan in murine atherosclerotic
plaques has previously been shown and mainly
discussed in regard to its potential lipoprotein binding
ability (Vikramadithyan et al., 2004; Tang et al., 2014).
Thereby, in accordance with us its presence in the
fibrous cap as well as in the plaque core has been
observed (Vikramadithyan et al., 2004). In this study we
show its distribution in direct comparison with the
distribution of other basement membrane components,
such as type IV collagen, and revealed clear differences.
Type IV collagen immunoreactivity in human carotid
plaques appears, similar to its distribution in mouse
plaques, to be enhanced in areas along the lumen (Duner
et al., 2015). Polymorphism in the genes coding for type
IV collagen (COL4A1/2) have been repeatedly
associated with cardiovascular disease (Adi et al., 2013;
Yang et al., 2016). It has been observed that an allele
with lower transcriptional ability is associated with
higher apoptotic rates of smooth muscle cells and higher
rates of myocardial infarction (Yang et al., 2016). It had
been noticed before that interactions with basement
membrane molecules as present in Matrigel™ can
support the ability of cells to survive (Kleinman and
Martin, 2005; Arnaoutova et al., 2012). While it is
unclear whether agrin belongs to these molecules,
Matrigel™ molecules would certainly provide binding
sites for it (Denzer et al., 1997).

As a limitation of this study it has to be kept in mind
that investigations with immunofluorescence are not
quantitative and the intensity of the signal depends on
the quality of the antibody. Although the analysis and
statistical evaluation used to quantify immunohisto-
chemical signals is an acceptable method it may be
considered as semi-quantitative. In particular in cases
where antigen concentrations differ considerably, the
attempt to show strong immunofluorescence signals in
detail with high resolution could bias to a suppression of
low fluorescence signals. It is therefore not possible to
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Fig. 5. CD68, but not agrin immunofluorescence differs between
symptomatic and asymptomatic plaques. Presented are the values for
the fraction of the plaque area positive for agrin fluorescence and CD68
fluorescence as observed in plaques from symptomatic (Symp) or
asymptomatic (Asym) patients (mean +/- standard deviation, unpaired t-
test, n=5 in each group). 



completely exclude that in areas of the plaque, where
mainly perlecan immunofluorescence is apparent, even
low levels of type IV collagen or laminin might be
present. Thus, the observed differential distribution of
components in the plaque may as well indicate a relative
paucity of perlecan in the composition of basement
membrane components close to the lumen, which could
be compensated for by a relative increased amount of
agrin. 

In conclusion, we observed in all murine advanced
plaques and investigated human endarterectomy
specimens the basement membrane HSPG agrin,
distributed in a distinctive manner in a narrow zone
along the lumen. In murine plaques in this zone an
enrichment of laminin and type IV collagen was also
observed. Accordingly a set of basement membrane
molecules with the potential to assemble into structured
basement membranes was found. Such a structure may
not only be crucial for endothelial cells, but by extending
further into the plaque also be able to interact with
smooth muscle cells, and possibly also monocytes and
macrophages via the DGC. This could have an impact on
the ability of these cells to migrate, produce fibrous
extracellular matrix, proliferate or survive. Indeed,
recent publications strongly implicate a role for agrin in
destabilizing the DGC, thereby releasing and redirecting
DGC bound YAP to the nucleus, where YAP could
activate proliferation-favoring genes (Eroglu and Chien,
2017).
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