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Matrix Vesicles in Atherosclerotic Calcification’ (41542)
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Abstract. Matrix vesicles, small extracellular membranous structures, are known to be the
initial loci of calcification of cartilage, bone, and dentin. Calcification is an important compli-
cation of atherosclerosis. Using histologic, ultrastructural, and cytochemical techniques, the pres-
ent study has demonstrated that matrix vesicle-like structures are involved in the calcification
of atherosclerotic lesions, as well as in arterial medial calcification. In aortas from autopsied
humans and from rabbits and chickens on atherogenic diets, the matrix vesicles appear to be
derived from intimal and medial cellular components, mainly smooth muscle cells.

Atherosclerosis, the vascular intimal thick-
ening which is the major cause of death in
the Western world, is commonly complicated
by calcification. This important complication
contributes to an increased irregularity of the
lumen, increased brittleness, and decreased
elasticity of vessels. The degree of calcification
often corresponds to the severity of the ath-
erosclerotic lesion. Morphological (1-3) and
biochemical (4) studies characterizing crys-
talline calcium deposition in arterial media
and intima have been reported. The mecha-
nism of calcification in atherosclerosis, how-
ever, is not well understood.

Matrix vesicles, 100- to 700-nm extracel-
lular membrane-invested structures, have been
known since 1967 to be the initial loci of cal-
cification in skeletal tissues (5-8). More re-
cently, morphologic studies have suggested the
involvement of matrix vesicles in the calcifi-
cation of aortic valves and aortic media (9-
10). The present study, using histologic, ul-
trastructural and cytochemical techniques, has
demonstrated that matrix vesicle-like struc-
tures are involved in the calcification of ath-
erosclerotic intimal lesions as well as in ar-
terial medial calcification.
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Materials and Methods. This study utilized
aortas from 30 human autopsies, 15 male New
Zealand white rabbits, and 15 male white leg-
horn chickens. The human cases, all men over
45 years of age, included: (i) 20 cases with
four portions of thoracic and abdominal aorta
sampled for light microscopy, and (ii) 10 cases
less than 5 hr postmortem with multiple sam-
ples of early atherosclerotic lesions taken for
electron microscopy. The rabbits and chick-
ens were each divided into the following
groups: (i) three groups of three rabbits and
three chickens each, fed an atherogenic diet
for 1, 2, or 3 months, and (ii) three groups of
two rabbits and two chickens each, fed a nor-
mal diet for 1, 2, or 3 months. The normal
diet was Purina Rabbit or Chicken Chow and
the atherogenic diet was composed of Purina
Rabbit or Chicken Chow with 8% peanut oil
and 2% cholesterol by weight mixed into the
chow. Sacrifice of these animals by intrave-
nous air injection was immediately followed
by dissection and processing of their aortas.

Light microscopic study of these human
and animal aortas (fixed in 3.7% neutral buff-
ered formaldehyde solution) included the fol-
lowing histological stains on adjacent sections
of tissue: hematoxylin and eosin; alizarin red
and van Kossa for calcium and phosphate; oil
red O for lipid; Verhoeff-van Gieson for elas-
tic fibers; Gomori’s trichrome for collagen and
smooth muscle; Prussian blue for iron; and
alcian blue-PAS for acid mucopolysaccha-
rides. Ultrastructural study of these aortas was
performed on a Phillips EM 300 electron mi-
croscope and utilized tissue which had been
processed in the following ways: (i) routine—
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fixed in 4% glutaraldehyde, followed by 0.1
M cacodylate buffer at pH 7.4, postfixation
in 1.33% symcollidine buffered osmium te-
troxide (pH 7.4), dehydrated in ethanol,
embedded in epoxy resin (Epon 812) (11),
thin sectioned with a diamond knife on an
ultramicrotome, and stained with lead citrate
(12) and uranyl acetate (13); (ii) calcium lo-
calization by potassium pyroantimonate tech-
nique—fixed in potassium pyroantimonate-
osmium solution, pH 7.6-7.8, for 4 hr, washed
for 30 min in three changes of potassium ac-
etate buffer, pH 7.4, routinely dehydrated and
embedded, and thin sections stained only with
uranyl acetate (14, 15); (ii1) control for cal-
cium localization—processed as in (ii) except
that the tissue initially was incubated for 45
min in 1% osmium tetroxide containing (or,
for further control, not containing) 10 mM
ethylene glycol-bis-N,N-tetraacetic acid
(EGTA), a chelating agent that removes cal-
cium (and, to a much lesser extent magne-
sium, zinc, and cobalt) but not other cations,
then fixed in 5% potassium pyroantimonate
solution (14, 15); (iv) alkaline phosphatase cy-
tochemical technique—using B-glycerophos-
phate as substrate, Tris buffer, MgCl, acti-
vator, and Pb(NO,), with lead phosphate as
reaction product; controls included 0.2 X 0.2-
mm pieces of rabbit kidney incubated and
treated similarly (16); and (v) adenosine tri-
phosphatase (ATPase) cytochemical tech-
nique—as described elsewhere, using adeno-
sine 5-triphosphate (ATP) as substrate, Tris
buffer, MgSO, activator, and Pb(NQ;), with
lead phosphate as reaction product; controls
included 0.2 X 0.2-mm pieces of rabbit kid-
ney incubated and treated similarly (16, 17).

Results and Discussion. It was found that,
although there were some differences in the
character of the atherosclerosis in these hu-
man, chicken, and rabbit aortas, the mor-
phological findings associated with the pres-
ence of early calcification in the atheroscle-
rotic lesions was similar among these three
species. Details regarding the morphologic ap-
pearance of the atherosclerosis will be re-
ported subsequently (18). Basically, the ath-
erosclerotic lesions in the chicken aortas were
more comparable to those in the human, with
the initial development of an intimal fibrous
plaque, composed largely of modified smooth
muscle cells in an interstitium of collagen fi-
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bers, ground substance, and a few matrix
vesicle-like structures. Spontaneous fibrous
plaques were present in the aortas of chickens
on a normal diet. Although the number of
fibrous plaques did not notably increase, lipid
(by light microscopy) and increasing calcium
deposition (by light and electron microscopy)
occurred in the plaques of all chickens fed the
atherogenic diet for 1, 2, or 3 months. The
rabbit aorta lesions had similarities to some
small human and early chicken lesions but
tended to have more the appearance of a fatty
streak than a fibrous plaque containing less
smooth muscle cells and more lipid-filled foam
cells. Light microscopic study of calcification
in these atherosclerotic lesions, using von
Kossa and alizerin red methods, demon-
strated focal prominent calcium deposition in
all human aortic intimal lesions studied, and
a lesser degree of calcification in the animal
lesions. This was absent in controls but in-
creased with increasing duration of athero-
genic diet (0, 1+, 2+, and 3+ in chickens and
0, +, 1+, and 2+ in rabbits, for control, 1, 2,
and 3 months of diet, respectively, by inde-
pendent estimate of two of the investigators).

Electron microscopic study of calcification
in these atherosclerotic lesions demonstrated
that the association of matrix vesicle-like
structures with calcification was striking (Figs.
1, 2). These extracellular vesicles, in routinely
processed electron microscopic sections, were
generally limited by a single trilaminar mem-
brane, varied in electron density, and occa-
sionally contained crystalline material. They
measured 100 to 700 nm in diameter. Oc-
casional larger vesicles, distinct from the ma-
trix vesicles and having a double-limiting
membrane similar to mitochondria, were also
present, however, suggesting that mitochon-
dria may also be playing a role in the calci-
fication process. The typical matrix vesicles
were numerous (3+) in all human athero-
sclerotic lesions and tended to increase in
number in chicken and rabbit aortas with in-
creasing duration of atherogenic diet. Inde-
pendent estimate by two of the investigators
(A.T. and D.M.) indicated the number of ves-
icles in chickens to be 1+, 2+, 2+, and 3+
and 0, 1+, 24, and 3+ in rabbits, for control,
1, 2, and 3 months of diet, respectively. The
vesicles, particularly in human and chicken
aortas, appeared to arise mainly from degen-



MATRIX VESICLES IN ATHEROSCLEROTIC CALCIFICATION

k. r?"‘? s . !
3 ] ’7. g h
i ¥ % & o n 9

A e

175

gy

g bt

a

FIG. 1. Electron micrograph of atherosclerotic human aortic intima, stained by potassium pyroantimonate
technique. Many membrane-limited matrix vesicles (MV) measuring 100-700 nm in diameter are located
mainly in the region of elastic fibers (E). The matrix vesicles are in various stages of calcification. Calcium,
indicated by the highly electron-dense pyroantimonate reaction product, is primarily deposited within the
matrix vesicles but is also present in the adjacent ground substance in a much less concentrated distribution.
Elastic fibers appear to be devoid of calcium deposition. X43,000.

erated intimal and medial smooth muscle
cells. Evidence for this included their location
in the region of degenerated-appearing smooth
muscle cells, their frequent content of fibril-
lary and granular material comparable to that
of smooth muscle cells, their similarity to ves-
icles in smooth muscle cells, their occasional
display of an outer component of basement
membrane-like material similar to that of
smooth muscle cells, and their occasionally
appearing to bud from the cytoplasmic mem-

brane or to be extruded from the cytoplasm
of smooth muscle cells. Of additional interest
was the frequent localization of the matrix
vesicles adjacent to, or in the region of, inti-
mal elastic fibers (Fig. 1).

Potassium pyroantimonate reaction for
calcium demonstrated reaction products
mainly within the matrix vesicles, (Figs. 1, 2)
although some positivity was also demon-
strated in other locations, such as mitochon-
dria of some smooth muscle cells, the
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FIG. 2. Electron micrograph of atherosclerotic human
aortic intima, stained by potassium pyroantimonate tech-
nique. The matrix vesicle has a single trilaminar limiting
membrane and is in an intermediate stage of calcium
deposition. X79,200.

occasional extracellular mitochondria-like
vesicles, interstitial foci of basement mem-
brane-like material, and dispersed in extra-
cellular ground substance. There was no ev-
idence of pyroantimonate staining within
elastic fibers. Although there was some vari-
ability among different lesions in the same
human or animal, the overall staining reac-
tions among the early human lesions sampled
and among animals in the same experimental
group were quite similar. With increasing du-
ration of the atherogenic diet, the number of
matrix vesicles not only increased but the in-
tensity of potassium pyroantimonate reaction
products also increased considerably. Inde-
pendent estimate by two of the investigators
(A.T. and D.M.) indicated the intensity of
staining reaction in matrix vesicles to be 1+,
2+, 2+, and 3+ in chickens and +1, 2+, 2+,
and 3+ in rabbits, for control, 1, 2, and 3
months of diet, respectively. In all tissues pre-
treated with EGTA, essentially no potassium
pyroantimonate reaction products were evi-
dent, indicating the specificity of this calcium-
localization technique. Furthermore, tissues
incubated without EGTA showed no decrease
of potassium pyroantimonate reaction prod-
ucts.
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Regarding the other cytochemical tech-
niques, both ATPase and alkaline phospha-
tase were positive along the membranes of the
matrix vesicle-like structures. In addition,
smooth muscle cell mitochondria and intra-
cytoplasmic vesicles were positive by these
techniques. The positive extracytoplasmic
phosphatase reactions, comparable to matrix
vesicles of cartilage, supports the interpreta-
tion that the membranous structures in the
atherosclerotic plaques represent matrix ves-
icles. Furthermore, these enzymes may play
a dual role in promoting calcification: (i) by
providing phosphate for nacent mineral for-
mation, and (ii) by hydrolysis of naturally oc-
curring inhibitors of mineral crystal forma-
tion such as pyrophosphate and ATP (19).

Calcification has long been considered an
important but poorly understood complica-
tion of atherosclerosis. The significance of cal-
cification has recently been reemphasized by
reports describing the suppression of diet-in-
duced atherosclerosis by anticalcifying agents
(20). The data of this study indicate that, al-
though other mechanisms such as mitochon-
drial calcification may be involved, a major
mechanism in the development of athero-
sclerotic calcification is the deposition of cal-
cium phosphate (mineral) within matrix ves-
icles apparently derived from intimal cellular
components, predominantly smooth muscle
cells. Comparable findings have been previ-
ously reported in the clinically less significant
arterial medial calcification but to our knowl-
edge not in the highly important process of
intimal atherosclerosis. Recognition of this
basic pathogenetic mechanism should open
the way to several avenues (morphological,
biochemical, physiological, and pharmaco-
logical) for investigating the etiology, treat-
ment, and prevention of atherosclerotic cal-
cification.
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