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Abstract Immunolocalisation and histochemical tecHyutroduction

niques were used to examine mineralised bone deposits

within late stage atherosclerotic plaques of human cardeterotopic bone formation is not uncommon and may
id arteries. These specimens showed characteristic f®@eur as a consequence of tumours, infections, generali-
tures of osteogenesis. Large calcifications were often ged or focal disease, or various forms of trauma [3, 26].
served in close association with or integrated within miDystrophic calcification is not unusual in late stage ath-
eralised bone. Smooth muscle celts-actin positive) erosclerosis [2, 25, 29]; indeed, calcification is a promi-
were often located around osteoid-like matrix, togethegent feature of atherosclerotic lesions. It is evident even
with focal accumulations of macrophages (CD68 afidm stage Il of plaque development [19] and is thought
HAMS56 positive). Local accumulations of mast cell®o contribute to the biomechanical changes of the artery
(tryptase positive) were consistently observed in clogall and the clinical complications associated with car-
association with the bone. Multinucleated giant cells ffiovascular disease. In a minority of late stage athero-
close apposition with mineralised bone demonstrateclerotic lesions the mineral has the histological appear-
typical osteoclastic morphology, and were positivebnce of fully formed bone with trabeculations and cellu-
stained for acid phosphatase and the macrophage malgkeinclusions resembling bone marrow [6]. Such obser-
CD68. Thus, all the normal features of bone formatiaations on autopsy aortic material led Virchow, in 1863,
and resorption were observed in this microcosm of as-describe arterial calcification as ‘ossification’ [31].
teogenesis within atherosclerotic plagque; the term ‘osteo-Recent evidence suggests that calcification of athero-
some’ seems appropriate for the structure. These ostaglerotic arteries is an organised, regulated process, rath-
somes have numerous advantages for experimental stitcthan a passive phenomenon of ageing [6, 7, 32]. Sev-
ies of the various osteogenic factors responsible for baeal factors related to bone and mineral formation have
metabolism, especially following short-term tissue cubeen demonstrated within atherosclerotic plaques over
ture. This ex vivo technique was used to demonstrate tbeent years; these include osteocalcin, osteopontin, os-
distribution and the multiple cellular sources of borteonectin and bone morphogenetic proteins 2a and 6 [4,

morphogenetic protein 6. 10, 27, 32]. The presence of these factors indicates the
potential of arterial wall cells to promote calcification

Key words Atherosclerosis - Osteogenesis - and osteogenesis in certain conditions, but the cellular

Mineralisation - BMP-5 origin of each factor remains uncertain. Similarly, it is

not clear whether calcification is related directly to bone
formation, or how mineralisation is induced in specific
microenvironmental sites of the artery wall.

During our histological studies on calcification in
atherosclerotic arteries [19] we recognised mineralised
bone deposits in some of the late stage specimens. This
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ling in skeletal bone. We have subjected mineralised Sections were subsequently treated with 0.1 mol/l glycine-HCI

tery walls to short-term organ culture to examine the e%RH 2-_23 for 2 h to remove ﬁ_” ”ﬁg](’fstlh(f first primaryharétibo?y,

- e - void cross-immunolabelling [18]. Slides were washed exten-
pression and dlstrlbutlo_n of OsteOQGmC factors such %}gy in TBS, incubated with 10% non-immune goat serum, and
the bone morphogenetic proteins (BMPs), growth agén with mouse anti-human tryptase followed by a goat anti-

differentiation factors that are part of the T@GFuper- mouse alkaline phosphatase-conjugated IgG. Alkaline phosphatase
family and stimulate endochondral ossification procesd#s developed using New Fuchsin (red stain).

; Late stage atherosclerotic plaques15) with heavy minerali-
by mesenchymal cells [14, 15]. Use of this organ Cu'.tuggtion, as judged by ‘hardened’ artery walls, were selected for cul-

technique has provided information on the cellular origifye studies. Under aseptic conditions the tissue was cut into ex-
of one of these factors: bone morphogenetic proteirplénts of approx. 4 méand cultured in Dulbecco’s modified Ea-
(BMP-6), a growth factor that is reported to have a cegies’ medium (DMEM) in a humidified CQOncubator (5% CQin

tral role in mesenchymal differentiation and bone formgl) at 37°C. After 24 h and 48 h in culture the explants were pro-
tion [15] cessed for histology as described above for the immunolocalisa-

tion of BMP-6, macrophages and SMC.

Materials and methods
Results

Samples of atherosclerotic carotid arteries were collected from ) o ] B ]
101 patients undergoing surgery in the University DepartmentMineralised bone was initially identified in late stage

Surgery, Withington Hospital, Manchester, UK. The material coatherosclerotic plaques using H&E-stained sections of

sisted of endarterectomy specimens90) and full-thickness re- P ; ; i
sectionsf=11) of commgn (?arotid artgrj, frequently with bifur(:a!'lndeca'lmﬂ(:"d material (Fig. 1a). Von .Kossa stalnl_n_g was
tion and an adjacent portion of the internal branch. also used to demonstrate and confirm the calcification
Immediately after resection the specimens were placed in DaRd bone structures within each specimen (Fig. 1d).
becco’s modified Eagles’ medium (DMEM); within minutes the'hree carotid specimens in particular showed extensive
were fixed in Carnoy’s fixative for 4-6 h and then processed {gicrofocal distributions of mineralised bone, occupying

paraffin blocks. Specimens were sectioned at 3 pm, or 5 pum_|i .
heavily calcified material, placed on glass slides treated w ost half of the dorsal circumference of the artery

poly-L-lysine (Sigma), dewaxed in Histoclear, rehydrated in \&all, but in no more than about a 4 mm segment of each
graded series of ethanol, and stained with haematoxylin and plaque. Five other specimens contained foci of osteoid-
sin. Each specimen was assessed for the stage of plaque devglap-matrix in calcified plaque tissue. These specimens

ment according to the classification described by Stary et al. [ o ; : :
and subsequently examined for calcification using either haeria- sented similar histological features with regard to the

toxylin or the von Kossa staining technique [1], followed b§istribution of specific cell types. Bone trabeculae were
counterstaining with Safranin O. Specimens which showed sign@stly thin and irregular with relatively few osteocytes.
of heavy calcification or mineralised bone were subsequently ¢3arrow-like inclusions in one specimen contained |ym-

amined for the distribution of mast cells, using immunolocalis _ i . .
tion with the monoclonal antibody to mast cell tryptase (Che hocytes’ tryptase-positive cells and thin-walled vascula

icon International, London, UK), macrophages, using immunolgdre (Fig. 1b), together with numerous CD68 positive
calisation with the monoclonal antibodies to CD68 (KP1 and PGonocytes (not shown). Relatively large calcified depos-

M1) and HAMS6 (Dako, Glostrup, Denmark), smooth muscigs were observed in close association with, or integrated
cells (SMC), using immunolocalisation with antibody to smoogl;\\,é hin, the bone matrix (Fig. 1c).

muscle actin clone 1A4 (Dako), bone morphogenetic protein Peripheral accumulations of mast cells, identified

(BMP-6), using monoclonal antibody (Novocastra Laboratorhissy . oY
Ltd, Newcastle, UK), and multinucleated osteoclast-like celdy tryptase immunostaining, were a common feature

stained for tartrate-resistant acid phosphatase (Burnstone method
modified by Barka [1]).

Secondary antibodies of biotinylated rabbit anti-mouse IgG
and goat anti-mouse IgG were purchased from Dako. Fig. 1a—| Histological observations of heterotopic bone formatien

Tissue sections were incubated with 10% (v/v) non-immuire atherosclerotic plaque of human carotid arteréesow-power
rabbit serum for 30 min and then treated with one of the primanjcrograph of arterial intima, showing mineralised bone trabecu-
monoclonal antibodies for 2 h at room temperature. For the motee in vascular stroma. Haematoxylin and eosin, xQd@icro-
clonal actin antibody tissue sections were pretreated with trypgiaph of marrow-like inclusion within mineralised phase, showing
(from Dako, used according to specification). After washing igmphocytes, mast cells (tryptased) monocytes and thin-walled
TBS (3x10 min) the sections were incubated with secondary bideod vessels. Tryptase immunostaining, counterstaining with hae-
tinylated rabbit anti-mouse antibody for 45 min. After furthematoxylin, x270c Low-power micrograph showing calcifications
washing in TBS, StreptABComplex alkaline phosphatase (AR)ark blue-red stain), associated with and integrated within, miner-
conjugate (Dako) was applied for 45 min, after which they weadised bone. Haematoxylin and eosin, xH®on Kossa staining
washed again with TBS, and alkaline phosphatase was develofi@ack) shows heavily calcified bone. Safranin O counterstain
using New Fuchsin. Tissue sections were counterstained wstiows osteocytes and surrounding cells. x@ Rlicrophotograph
Mayer’s haematoxylin, mounted in Histomount (Mensura Teckhowing close association of mast cells (tryptesd, with the pe-
nology, Wigan, UK), examined with a Zeiss Photomicroscope Itiphery of the bone, together with a small group of tryptase-posi-
and photographed using Ektachrome 160 tungsten film. tive mononuclear cellsafrow). Tryptase immunostaining, coun-

For dual immunolocalisation tissue sections were treated ferstaining with haematoxylin, x270D High-power micrograph,
endogenous peroxidase (using 1% hydrogen peroxide in absoéitewing a very close association of mast cells (tryptask with
methanol for 15 min) and incubated with 10% non-immune rabloisteoid-like covering of bone. Note extracellular tryptase, sugges-
serum and then with primary antibodies to the macrophage maike of mast cell activation, and local oedema and stromal disrup-
ers. Bound antibody was visualised using a biotinylated rabbit @ion (arrows). Note also the osteocytes typical of mineralised
ti-mouse 1gG and a streptavidin biotin immunoperoxidase prod®mne. Staining as irc). x270g Low-power micrograph showing
dure with 3,3'-diaminobenzidine as a chromogen (brown staimtermixed populations of mast cells (tryptased) and macro-
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phages (HAM56pbrown) at periphery of bone. x1ADHigh-pow- trabeculum. Note associated calcificatioasrgws). Haematoxy-

er micrograph showing a mixture of macrophages (HAM5@n counterstain, x27@ Multinucleated giant cells stained for acid
brown) together with a few mast cells and extracellular tryptaghosphatase (redyrow) typical of osteoclasts. Note close contact
(red) in close association with mineralised bomstérisi. x100 on left side with mineralised bone. Haematoxylin counterstain,
i Smooth muscle cells immunostained witfactin ¢ed) surround- x270 | Multinucleated giant cells and macrophages stained for
ing osteoid-like matrix with central calcification. HaematoxylinfCD68 (prown) intermixed with degranulated mast cells (extracel-
counterstain, x27 Giant cell in apposition with an arcuate bonéular tryptasered) associated with osteoid-like matrix. xZ70
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SMCs  mineralised bone  osteoid calcification Figure 2 is a schematic summarising the observations
of specific cell types associated with these mineralised
structures; it also highlights the microenvironmental na-
ture of the potential synthetic and resorptive processes
responsible for osteogenesis and bone remodelling.

Bone morphogenetic proteins (BMPs) are recognised
as important osteogenic factors, and BMP-6 is reported

(&> ey to induce bone formation from mesenchymal cells at ex-
® lymphocytes, traskeletal ectopic sites [15, 16]. BMP-6 was demon-
mast cells, strated in freshly fixed mineralised plaques around sever-
osteoblasts/ mononuclear cells,

al of the mineralised bone structures, either at microfocal
sites as depicted in Fig 3a, or around the peripheral mar-
Fig. 2 Summary diagram of an atherosclerotic ‘osteosome’ to giins of the bone structures (Fig. 3b). Occasionally the
lustrate the microenvironmental nature of specific cell dismb@)‘steocytes within the bone matrix were positive for
tions BMP-6. However, histological studies of specimens
fixed shortly after excision did not give a clear indication
of the cellular source(s) of this factor. This problem was
around most of the bone deposits (Fig. 1e), their numesolved to some extent by the use of short-term explant
bers being far greater than in adjacent stromal tissaeltures of heavily calcified plague specimens. Subse-
This very close association of mast cells with mineratijuent immunolocalisation studies of these mineralised
sed bone often corresponded with microfocal sites sagtery wall explants showed that SMC were a major
gestive of matrix remodelling. For example, Fig. 1$ource of BMP-6 (Fig. 3c, c¢’) and that to a lesser extent
shows evidence of mast cell activation, as judged by gxant cells and a small proportion of macrophages could
tracellular tryptase staining, associated with an areaatgo elaborate this protein (Fig. 3d, d’).
local oedema and stromal matrix disruption immediately
peripheral to an osteoid-like covering of mineralised
bone. Mast cells were also observed intermixed williscussion
macrophages and numerous blood vessels (Fig. 1g, h),
again in microenvironmental sites around the bone dearlier observations on the calcification and ‘hardening’
posits. Macrophages, stained with the HAM56 markerf arteries have conventionally been performed on aor-
showed a variable distribution around mineralised bortas and coronary arteries [29]. This study has exam-
but they were typically a major cellular component afed the specific cellular associations with heterotopic
more remote inflammatory and lipid-rich sites of thbone formation in atherosclerotic carotid arteries using
plague. Similarly, stromal fibroblasts, presumably tranglaque specimens derived from endarterectomy proce-
formed SMC, showed a variable distribution; they wedires. However, it is probable that our findings are simi-
often observed around osteoid-like matrix (Fig. 1i), bldar to the bone formation observed in other types of
were less prominent around fully developed bone estherosclerotic artery. The major conclusion is that bone
veloped in a relatively acellular fibrous matrix. Howformation in the intima of atherosclerotic plaque dem-
ever, whereas the locations containing SMC or a @instrates many features that are typical of skeletal os-
brous overlay demonstrated a well-ordered extracellutaogenesis, including osteoid, mineralised trabeculae,
matrix, those containing macrophages and mast celigeocytes, marrow-like inclusions with lymphoid and
were commonly associated with a disorganised nraenocytic cells, multinucleated osteoclasts, and various
trix suggestive of oedematous and degradative changgmmatory cells such as mast cells and macrophages.
(Fig. 1g, h). Moreover, the microenvironmental nature of the specif-
Multinucleated giant cells were observed in close aig- cell distributions demonstrates that both anabolic
position to the mineralised phase of the bone depositsl catabolic processes are probably operating in most
(Fig. 1j-1). Such cells were not seen in the stroma swi-these heterotopic macro- or microscopic bone struc-
rounding the mineralised structures, although giant ceilses.
may represent a component of the atheromatous lesion§he presence of mast cells and macrophages in mi-
of plaque. The giant cells associated with mineralisetbenvironments at the interface with osteoid-like or
substrates not only demonstrated an osteoclastic nmineral surfaces was a common observation. Both cell
phology, but also stained positively for acid phosphatagpes may express numerous proinflammatory and repar-
(Fig. 1k) and the CD68 marker (Fig. 11), which is indicaative mediators, including cytokines, prostanoids, growth
tive of a macrophage lineage. These observations of fagtors and proteinases [11, 12, 18]. Mast cells have pre-
teoclastic cells, presumably reflecting resorptive activityiously been reported on the endosteal bone surface of
together with the formation of osteoid-like matrix anchts showing secondary parathyroidism and rickets [30]
mineralisation, suggest that bone remodelling processesl in bone marrow, where mast cells are especially nu-
are manifested within such mineralised atheroscleroti®rous in osteoporosis [8, 9], observations suggesting
artery walls. that mast cells might increase bone loss at trabecular and

osteocytes  mastcells  macrophages  osteoclasts  vasculature
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Fig. 3a—d Distribution of bone morphogenetic protein 6 (BMP-6gndosteal surfaces [22]. Mast cell products such as hepa-

in late stage, mineralised atherosclerotic plaques of carotid artefigs TNF-q, IL-1 and PGD are reputed to influence bone

and identification of its cellular sourca, b Immunolocalization - - . .
of BMP-6a in microfocal @rrow) andb at the peripheral margins catabolism [22], whereas histamine, prostaglandins and

of (arrows) mineralised bone structures. Note also the extracelllGFB have been implicated in peritrabecular and skin fi-
lar staining and some osteocytes positive for BMP-6. No countbrosis [17, 20, 22], observations that support the notion

stain, x130c, ¢’ Deep margin of atherosclerotic plaque after 24-§f 5 multifactorial role for the mast cell in bone remodel-
ex vivo tissue culture immunostained forsmooth muscle cells ling processes

(SMC) andc’ BMP-6. Note the co-distribution of BMP-6 with . . .
most of the SMCs, and its absence from the lipid castefish. New bone formation requires an extracellular matrix

No counterstain, x136, d' Calcified atherosclerotic plaque aftercomposed of various collagenous and non-collagenous
24-h ex vivo tissue culture showinCD68-stained macrophagesproteins, proteoglycans, osteogenic factors and, ulti-

and giant cells grrows) and d’ the co-distribution of weakly ; ;
stained BMP-6 in the giant cellarfows) and a few macrophagesmately' a mineral phase based on hydroxyapatite [24].

close to calcium deposits in a consecutive section. Calcificatidf9St osteogenic factors are not_normally expres_sgad In
indicated with &sterisky. No counterstain, giant cells confirmecartery walls, and the microenvironmental conditions
by H&E on adjacent section, x300 within atherosclerotic plaque that give rise to calcifica-

tion and osteogenesis are poorly understood. The forma-
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tion of bone by osteoblasts, in this study probablg. Bosse A, Wulf M, Wiethege T, Voss B, Muller KM (1994)

equivalent to transformed mesenchymal cells such as in-Collagens *’?‘tﬂd grOWg.‘ factt.ors.i” htetegolt)o%i.c Ot.SSiﬁCS“?h” oo
. . _ perience wi nonradioactive In Situ nyoridization. Pathologie
timal SMC, and the remodelling brought about by os- 7c.575 505

teoclasts, is a closely regulated system. Reddi [24] ha§Bostr6m K, Watson KE, Horn S, Wortham C, Herman IM, De-
used the term “osteosome” to describe the smallest unitmer LL (1993) Bone morphogenetic protein expression in hu-

of bone formation, and this seems an appropriate de-man atherosclerotic lesions. J Clin Invest 91:1800-1809

P ; ; 5. Demer LL (1995) A skeleton in the atherosclerosis closet. Cir-
scription of the microscopic structures of bone exant culation 92:2029-2032

ined here (see Fig. 2). _ _ 6. Demer LL, Watson KE, Bostréom K (1994) Mechanism of cal-
Calcification of atherosclerotic plaque is thought to be cification in atherosclerosis. Trends Cardiovasc Med 4:45-49
an organised and regulated process with many similariti@sDoherty TM, Detrano RC (1994) Coronary arterial calcifica-

; ; ; ; _~ tion as an active process: a new perspective on an old problem.
to the mechanisms associated with bone formation [5-7, ) === S T2 E b = 20

10]. Thus it was not surprising to see relatively large cak rajion MD, Whyte MP, Teitelbaum SL (1981) Systemic mas-
cifications clearly associated with, or even integrated tocytosis associated with generalized osteopenia. Hum Pathol
within, the bone fragments examined in this study. Al- 12:813-820

though peripheral, osteoid-like matrix enveloped som@ Fé‘l'l'or; '\I/iIfD} Vt\i/hrBI/tienMP' %aE RB, Telite”?a“m rS'-i(19C83|) i'}"%St
portions of mineralised bone, its composition relative 10 Sog T asag gy Lo PaUsal OSIEoporosis. Lalcll s

chondroid/cartilage components remains uncertain. Bat Fitzpatrick LA, Severson A, Edwards WD, Ingram RT (1994)
calcification and osteogenic processes are dependent upbiffuse calcification in human coronary arteries. J Clin Invest

on the production within plaques of several factors such 94:1597-1604

; d ; Galli SJ (1990) Biology of disease. New insight into ‘the rid-
as osteocalcin, osteopontin, osteonectin and BMPs [4, 11Jo’olle of the mast cells’: microenvironmental regulation of mast

13, 27, 32]. Osteopontin and osteonectin have been rece| development and phenotypic heterogeneity. Lab Invest
ported in atherosclerotic plagues and implicated in the 62:5-33
mineralisation process [10, 16, 28], and platelet-derivédl Galli SJ (1993) New concepts about mast cell. N Engl J Med

growth factor accelerates fracture healing and bone reggiri2o.257- ZCGIS Bae N, Almeida M. Denhardt DT, Alpares CE,

as an osteoblast mitogen [23]. BMPs induce the in ViVO gcpywartz; SM'(1993) Osteopontin s elevated during neointima
transformation of extraskeletal mesenchymal tissue into formation in rat arteries and is a novel component of human

bone or cartilage [4, 14, 15], and in a recent study BMP-6 atherosclerotic plaques. J Clin Invest 92:1686—-1696
immunoreactivity was demonstrated in SMC of intimdt Gitelman SE, Kobrin MS, Ye JQ, Lopez AR, Lee A, Derynck

: (1994) Recombinant vgr-1/BMP-6 expressing tumours in-
atherosclerotic plaques and normal cerebral blood vessel uce fibrosis and endochondral bone formation in vivo. J Cell

[27]. The present study has demonstrated BMP-6 at pe-giol 126:1595-1609
ripheral locations of intimal bone formation; however, it5. Gitelman SE, Kirk M, Ye JQ, Filvaroff EH, Kahn AJ, Derynck
cellular distributions were more clearly defined in 24-h R (1995) Vgr-1/BMP-6 induces osteoblastic differentiation

explants of mineralised plaque, where its production was gfzf_"ég%me”“a' mesenchymal celiell Growth Differ 6:

identified in SMC, osteocytes, giant cells and a minori{g Hao H, Hisrota S, Tsukamoto Y, Imakita, M, Ishibashi-Ueda
of the macrophages. Thus, these short-term culture expert, Yutani C (1995) Alterations of bone matrix protein mRNA
iments have produced more convincing evidence that sev-expression in rat aorta in vivo. Arterioscler Thromb Vasc Biol

_ ; 15:1474-1480
eral cell types can elaborate BMP-6, observations tllgt Hawkins RA, Claman H, Clark RAF, Steigerwald JC (1985).

were not so apparent in freshly fixed specimens. We be-|,creased dermal mast cell populations in progressive systemic
lieve that this short-term ex vivo technique provides nu- sclerosis: A link in chronic fibrosis? Ann Intern Med 102:

merous advantages for the further study of factors in- 182-186

volved in atherosclerotic calcification, osteogenesis ah tﬂﬁ)ﬂgg?‘kaamivgﬂt?&ollgrr% %’hgooc&% IiDnE a(t}wge?g)scl\l/le?gttigﬁg sc:(ifn-s

bone resorptlon; especially since the het_erotop|_c oSteosp'of human carotid arteries. J Pathol (Lond) 182:115-122

mes described appear to prO\(lde a unique MICroscopiC Jeziorska M, McCollum C, Woolley DE (1998) Calcification

model of normal bone remodelling processes. in atherosclerotic plaque of human carotid arteries: associa-
tions with mast cells and macrophagésPathol (Lond) 185:
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