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Abstract Watanabe heritable hyperlipidaemic (WHHL)-
rabbits develop premature atherosclerosis due to an in-
born defect of the low-density lipoprotein (LDL) receptor
causing severe hypercholesterolaemia. Probucol, which
possesses a lipid lowering and an antioxidative potency,
has been shown to reduce the extent of atherosclerotic
disease in this animal. The object of the present study
was the detailed analysis of the cellular and non-cellular
composition of atherosclerosic lesions in WHHL-rabbits
treated with probucol when compared with untreated con-
trols. In two independent sets of experiments, each con-
sisting of one litter, a total number of 5 animals was fed a
diet containing 1% (w/w) probucol. Four animals served
as controls and 2 animals were sacrificed before treat-
ment (at 2 and 4 months of age, respectively) to define the
baseline level of the atherosclerotic disease. Morphome-
tric analysis was employed in order to determine plaque
area macroscopically by planimetry and plaque thickness
and composition histologically, in 30 cross-sections of the
aorta of each animal. In the group treated with probucol,
a diminution of plaque area and thickness, as well as a
decrease of foam cell and — especially in one experiment
- necrotic content of atherosclerotic lesions, was ob-
served. Plaques from aortas of animals treated with pro-
bucol consisted predominantly of smooth muscle cells
and compact intercellular fibrous structures. Furthermore,
as an additional characteristic feature of the “typical” pro-
bucol plaque, they uswally lacked confluent necrotic
cores. In comparison with untreated animals, there was
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also a decrease in intracellular apolipoprotein B (apo B)
as determined by immunohistochemistry. These data con-
firm the antiatherosclerotic potency of probucol in the
WHHL-rabbit. Moreover, it was demonstrated that there
is a different type of atherosclerosis present in the group
treated with probucol. The mechanism behind these shifts
may be based on the antioxidative property as well as on
direct effects of probucol on cellular plaque components.
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Introduction

The WHHL-rabbit is a well-established model for familial
hypercholesterolaemia [51]. These animals develop early
and accelerated atherosclerosis due to a mutation in the
LDL-receptor gene [18] that is similar to the class I muta-
tions in human familial hypercholesterolaemia [5]. This
allows the study of the influence of endogenously elevated
cholesterol levels on atherogenesis [6, 22]. In WHHL-rab-
bits, probucol has been shown to slow the progression of
atherosclerosis as evaluated by aortic surface planimetry
[7, 9, 23]. This effect appears to be independent of the
cholesterol lowering property of this drug [7, 40]. Probu-
col shows a potent antioxidative effect in low density lipo-
proteins [32]. There is strong evidence that oxidation of li-
poproteins triggers atherogenesis [46, 48]; endproducts of
lipidperoxidation have been found within atherosclerotic
plaques [1, 4, 21], circulating antibodies directed against
oxidized LDL have been demonstrated [39], clinical stud-
ies show a positive correlation between susceptibility to
LDL-oxidation and the development of premature athero-
sclerosis [35], antioxidants — including probucol ~ inhibit
the progression of atherosclerotic disease {3, 7, 23, 29]
and LDL from probucol-treated animals have a lJower ten-
dency to become oxidised [9, 13, 24, 34]. In WHHL-rab-
bits treated with probucol reduced plaque formation and
decrease in LDL degradation in fatty streak lesions has
been determined, suggesting the inhibition of foam cell
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formation [31, 45]. To date there have been no reports of
detailed histological analysis of the impact of probucol on
the formation of atherosclerotic plagues in WHHL-rabbits.

The present study was undertaken to determine whe-
ther probucol affects only the extent of atherosclerotic
disease or rather induces changes in the cellular and non-
cellular composition of atherosclerotic plaques. Com-
plete aortas of WHHL-rabbits treated with probucol as
well as control animals were analysed with respect to
plaque area, thickness and composition using a mor-
phometric technique.

Methods

A total of 11 homozygous WHHL-rabbits bred at the animal facil-
ities of the Medical Hospital of the University of Hamburg was in-
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Fig. 1A, B Design of Experiment 1 and Experiment 2. (B, Base-
line; C, Control; P, Probucol-treated; numbers of animals following
one another; F, Female; M, Male). A Design of Experiment I. 5 ho-
mozygous WHHL-rabbits from one litter were fed a standard chow
for 4 months, then one was sacrificed (B1F), two (1 female (C2F), 1
male (C3M)) received standard chow as controls, two (1 female
(P4F), 1 male (P5M)) animals a 1% probucol containing diet for 6
months. At the age of 10 months these 4 animals were sacrificed and
atherosclerotic disease was determined. B Design of Experiment I1: 6
homozygous WHHIL-rabbits were fed a standard chow for 2 months,
then one female (B6F) was sacrificed, two animals (1 female (C7F),
1 male (C8M)) received standard chow as controls and three (1 fe-
male (POF), 2 males (P10M, P11M), received a diet containing 1%
probucol for 12 months. At the age of 14 months these 5 animals
were sacrificed and atherosclerotic disease was determined

cluded in two experiments. Each experiment consisted of one lit-
ter. In the first experiment, one female WHHL-rabbit was sacri-
ficed at the age of 4 months in order to define a baseline control.
Two additional control animals (1 female, 1 male) received stan-
dard rabbit chow and further two (1 female, 1 male rabbit) were
fed a chow containing 1% probucol (w/w) for a period of 6
months. Blood samples were taken five times during the experi-
ment. At the age of 10 months all animals were sacrificed.

In the second experiment, 6 WHHL-rabbits were treated ac-
cording to an analogous procedure: at the age of 2 months one fe-
male was sacrificed as baseline control, two rabbits (1 female, 1
male) received a standard rabbit chow, and 3 animals (1 female, 2
males) were fed the probucol-diet for 12 months. Blood samples
were taken six times during this experiment. These 5 WHHL.-rab-
bits were sacrificed at the age of 14 months. The experimental de-
sign for both experiments is demonstrated in Fig. 1A, B.

In addition, one 2-year-old female WHHL-rabbit was exam-
ined. The experimental procedure has been approved by an ethical
comittee.

After overnight fasting, the animals were sacrificed by an L.v.
injection (2-5 ml) of a barbiturate derivate (natrium-5-allyl-5-(17
methyl-n-butyl)-2-thiobarbiturate}. An incision in the ventral me-
dian line was made, the animals were exsanguinated by puncture
of the vena cava. Blood was collected into vacutainers containing
1.5 mg dipotassium EDTA/mI blood. Total cholesterol was deter-
mined by a standard enzymatic assay (Boehringer, FRG, Merck,
FRQG). Aortas were dissected and fixed in 4% buffered formalin,
cut open and the luminal surface was photographed for morpho-
metrical analysis of the plaque area. Afterwards, each aorta was
sliced into 30 cross-sections and 10 consecutive cross-sections
were embedded in one paraffin block resulting in 3 paraffin blocks
for each aorta.

The histochemical staining included haematoxylin eosin, Gold-
ner’s variant of Masson trichrome stain (Masson-Goldner), azan
(Heidenhain), astra blue, elastica (Van Gieson’s technique), silver
method (Kossa), and Berlin-blue reaction according to standard
methods. A special combined stain “Masson-Goldner trichrome-
elastica-Kossa” was developed in order to allow the simultaneous
detection of cellular components (smooth muscle cells, foam
cells), intercellular matrix (elastic, collagenous connective tissue)
and calcified necrosis. First, the calcified necrosis was visualized

Fig. 2A, B Histological aspect demonstrating the resolution of
the grid window used for morphometric analysis of plaque com-
position (A). (Combined Masson-Goldner trichrome-elastica-Kos-
sa-stain, original magnification 250x). B Serial sections demon-
strating comparability of the combined stain (middle) to immuno-
histochemical methods in validly differentiating smooth muscle
cells (left, HHF 35) and macrophages (right, RAM 11). (original
magnification 100x)

Fig. 7A, B Histological aspect of the “typical” plaque in probu-
col-treated animals (14 months old female). (F, Fibrous cap; C,
Compact connective tissue core; M, Media; /EL, Internal elastic
lamina). A Notice the fibrous cap (F) overlying a dense fibrous
core (C), which lacks confluent necrosis and calcific material
(Azan stain, original magnification 100x). B Detailed view of Fig.
7A. Notice the internal elastic lamina (IEL), which is bowed, but
seems to be intact. Smooth muscle cells contain lipid vacuoles.
Within the atheromatous core consisting of intercellular matrix
(blue), there are some cholesterol clefts, but no necrotic core for-
mation (Azan stain, original magnification 250x)

Fig. 8A, B Immunohistochemical stain of apoprotein B in a con-
trol and a probucol-treated WHHL-rabbit. A Plaque from 14
months old control female stained for apo B. Notice the unstained
necrotic core (N) (JEL, Internal elastic lamina; M, Media; L, Lu-
minal site) (original magnification 100x). B Plaque from probu-
col-treated animal stained for apo B (same lesion as Fig. 7). (F, Fi-
brous cap; C, Compact fibrous core; original magnification
100x)
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by silver staining (Kossa); rehydrated sections (xylene for 5 min
twice, 100% ethanol for 1 min twice, 96% ethanol for 1 min
twice) were incubated in 5% silver nitrate for 30 min, subsequent-
ly rinsed in distilled water, for reduction, exposed to 1% hydrochi-
none and 5% sodium sulphite for 2 min and again rinsed in dis-
tilled water. Sections were fixed for 2 min in a solution of 5%
aqueous sodium thiosulphate and rinsed with distilled water. Next,
elastic fibres were stained according to van Gieson’s technique in
resorcin fuchsin (Weigert) for 10 min, rinsed for 1 min in running
water and fixed in 80% ethanol. Masson-Goldner trichrome stain
was started by an incubation in iron haematoxylin (Weigert) for 2
min, followed by rinsing with running water. Subsequently, sec-
tions were transferred to Ponceau’s acid fuchsin azophloxin for 5
min, rinsed with 1% acetic acid and differentiated in Orange-G so-
lution (2% phosphomolybdic acid and 2% Orange-G (Chroma,
FRG) for 30 s, followed by a second rinse with 1% acetic acid. In-
tercellular matrix was then stained for 15 s in a 0.5% solution of
light green (Merck, FRG) in 0.2% acetic acid. Finally sections
were dehydrated in 96%, then 100% ethanol, at last xylene and
mounted with Eukitt. This combination resulted in a black stain
for calcified necrosis, green for connective tissue, violet for elastic
fibres, red for muscle cells and a brown-red stain for nuclei.

Immunohistochemical staining of apo B (polyclonal goat anti-
apo B, Immuno, FRG), HHF35 (monoclonal mouse anti-muscle
actin, Enzo Diagnostics, New York, USA) and RAM11 (monoclo-
nal mouse anti-rabbit macrophage, Dako Hamburg, FRG) was per-
formed according to manufacturers recommendations (Vectastain
Kit, Vector Laboratories, Burlingame, Calif., USA). Artefacts in
staining apo B using normal rabbit serum (1:50) were excluded in
preliminary tests by preblocking with PBS and 1 M sodium chlo-
ride, respectively.

Morphological variables were analysed using a computer based
processing system (Kontron, Videoplan imaging system). The
plaque area was quantified by planimetry of surface photographs
and data expressed as percent area of total aortic surface. The
plaque thickness of each cross-section was determined histological-
ly at intervals of 1 mm; only values above 10 pm were used for sta-
tistic evaluation. Plaque composition was analysed by counting
(grid counts=gc) the following components of the entire cross sec-
tional plaque area at a 200-fold magnification using a grid-window
(10x10 grids, grid size 0.06 mm): Smooth muscle cells (SMC),
foam cells (FC), necrosis (NEC) and intercellular matrix (ICM)
(combined stain). The resolution of the grid-window is demonstrat-
ed in Fig. 2A. Plaque components were identified according to the
following criteria; SMC were identified as red-brown or violet to or-
ange stained spindle-formed cells frequently containing lipid vacu-
oles. These cells lie within or upon the plaque, forming a fibrous
cap. Characteristic for FC is a foamy looking cytoplasm caused by a
large number of very small vacuoles. Macrophage-derived foam
cells were differentiated from smooth muscle cells by the combined
stain. The validity of this approach was demonstrated in a prelimi-
nary experiment, in which serial sections with the actin-specific an-
tibody HHF35, the rabbit macrophage-specific antibody RAMI11
and the combined stain were compared (Fig. 2B). NEC was recog-
nized by black coloured calcified masses as identified by the Kossa
stain or by the detection of cell debris. ICM was identified as green
coloured fibrous or compact substance localized between cells or
beneath the fibrous cap of the plaque. Apolipoprotein B deposition
was determined using the same grid and magnification.

Data were stored and basic statistics (i.e. medians as well as
first and third quartile) performed making use of the IPSS-statistic
program of the University of Hamburg. Average cholesterol values
were determined by planimetry of the area under the curve.

Results
Biochemical analysis

In both experiments the mean plasma cholesterol con-
centrations were lower in the probucol-treated animals

Table 1 Results of serum cholesterol and morphometric analysis
of extent of atherosclerotic disease, each individual WHHL-rabbit
of experiment 1, experiment 2 and of the additionally examined 2-
year-old control female WHHL-rabbit. (B, Baseline; C, Control;
P, Probucol; F, Female; M, Male) animals are numbered consecu-
tively according to experiment 1, experiment 2 and the 2 year old
WHHL-rabbit (C12F). Parameters include age (months), average
serum cholesterol (*=mg/dl) deduced from area under the curve,
plaque area (**=% of total aortic surface) and plague thickness
***=ym, medians, first and third quartil in parentheses)

WHHL-No. Months Cholesterol* Area** Thickness***
B1F 4 665 50 125 (51-206)
C2F 10 822 53 138 (61-226)
C3M 10 933 48 235 (128-380)
P4F 10 611 22 93 (33-152)
P5M 10 772 30 91 (36-170)
B6F 2 449 0 16 (13-18)
C7F 14 683 49 168 (75-308)
C8M 14 682 40 220 (119-338)
P9F 14 580 27 53 (20-116)
P10M 14 505 18 99 (41-152)
P11M 14 578 12 71 (25-149)
C12F 24 742 93 346 (282-406)

(Table 1). The lower cholesterol levels were mostly due
to an inhibition of increase of serum cholesterol levels
(data not shown). Only one animal in experiment 1 (P4F)
showed a marked decrease of total plasma cholesterol
during probucol treatment (data not shown).

Plaque area, plaque thickness and plaque composition
in control animals

For data analysis, all values from baseline and control
animals were first arranged according to their age in or-
der to define stages of development of atherosclerosis
and plaque composition at a certain age (Fig. 3A and B).
At 2 months, there was no macroscopically visible
plaque but a small increase in intimal thickness was de-
termined by histological examination. Plaque thickness
increased more than 20 fold within 22 months (from 2 to
24 months of age: 16 um to 346 um). Aortas of female
rabbits showed a constant increase in plaque thickness,
whereas plaque area did not differ between 4 and 14
months (4 months: 50%, 10 months: 53%, 14 months:
49%). Males of this age showed a greater plaque thick-
ness, but less plaque area than the female rabbits (10
months: male 48%/235 um, female 53%/138 pm; 14
months: male 40%/220 pum, female 49%/168 wm). How-
ever, in the two control males (10 and 14 months), no
progression of atherosclerotic disease could be observed
but rather a lower expression of atherosclerotic disease
in the older animal (C8M) by means of plaque area and
thickness. After 24 months the atherosclerotic lesions
reached the greatest thickness (346 pm), occupying al-
most the entire aortic surface (93%).

The earliest lesion detectable by light microscopy in
control animals were foam cells accumulating beneath
the endothelium (Fig. 4A, 4 months). Next, isolated
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Fig. 3A, B Morphometric analysis of control animals depending
on the age (bars representing medians). (B, Baseline; C, Control;
P, Probucol; F, Female; M, Male). A Plaque area (% of total aortic
surface) and plaque thickness (um) of control rabbits, in depen-
dence on the age. Whire bars represent plaque area in female rab-
bits, black bars in males. Box linking line shows plaque thickness
in females, line between filled boxes plaque thickness in males. B
Plaque composition (grid counts) of control animals, in depen-
dence on the age: black bars show necrosis (NEC), white bars
foam cells (FC), hatched bars show number of smooth muscle
cells (SMC) and squared gray bars intercellular matrix (ICM)

smooth muscle cells appeared between foam cells (Fig.
4B, female, 4 months). In more developed plaques, mas-
sive smooth muscle cell accumulation was observed
within the intimal space (Fig. 4C, female, 10 months).
Simultaneously intercellular matrix appeared between
smooth muscle cells. The smooth muscle cells showed
intracellular lipids which were stored in much larger vac-
uoles when compared with foam celis (Fig. 4D, male, 10
months). Advanced plaques differed in appearance form-
ing a fibrous cap and a core consisting of necrosis and
surrounding foam cells (Fig. 4E, female, 14 months).
Fig. 4F shows an atherosclerotic lesion stained with the
combined “Masson-Goldner trichrome-Elastica-Kossa”-
stain with a thrombohaemorrhagic complication (female,
14 months). In the aorta of the 2-year-old female rabbit,
atherosclerotic lesions covered nearly the entire cross-
section and impressed with a band-like zone consisting
primarily of intercellular matrix and necrosis covered by
a fibrous cap. Occasionally, there was a total lack of in-
tegrity in the media and foam cell accumulation occurred
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at the adventitial side of the vessel (Fig. 4G). Table 1 and
2 summarize the macroscopic appearance of surface le-
sions, medians and first and third quartile, respectively,
of plaque thickness as well as of plaque composition for
each individual animal.

Analysis of plaque composition in control animals is
shown in Fig. 3B: In young animals, foam cells were the
predominant constituent of plaques and necrosis was rare
(4 months: 26 g¢c FC vs. 3 gc NEC, 10 months: 22 and
30 gc FC vs. 2 and 4 gc NEC). With advanced age of the
animal, the number of smooth muscle cells as well as the
amount of intercellular matrix increased moderately,
with the increase of intercellular matrix prevailing over
that of smooth muscle cells. The number of foam cells
peaked at about one year. Almost simultaneously (at the
age of 14 months) the necrosis content started to increase
(10 months: 22/30 gc FC vs. 2/4 gc NEC; 14 months:
27123 gc FC vs. 11/21 gc NEC; 24 months: 4 gc FC vs.
44 gc NEC).

Plaque area, plaque thickness and plaque composition
in experiment 1

In experiment one, from 4 to 10 months, there was a pro-
gression of plaque thickness in control rabbits (125 pm
to 138 and 235 pum, respectively), but plaque area re-
mained almost constant (50% to 53 and 48%, respective-
ly) (Fig. 5A; Table 1). Probucol treatment for 6 months
beginning at the age of 4 months, when atherosclerotic
lesions were already detectable, resulted in a diminution
of plaque thickness and area below the baseline level
(125 pm/50% vs. 93 um/22% in female and 91 um/30%
in male). Analysis of plaque composition (Fig. 5B, Table
2) revealed a reduction in the number of foam cells in
probucol-treated animals compared to controls (4 gc vs.
22 gc in female and 6 gc vs. 30 gc in male, respectively)
and the baseline female (26 gc). Necrosis content was re-
duced compared to the controls (0 gc vs. 2 gc in female
and 3 gc vs. 4 gc in male). Smooth muscle cells and
intercellular matrix seemed unchanged when compared
to controls. Intracellular apo B was not detectable by
immunohistochemistry in probucol-treated animals. In
contrast, extracellular deposition was not lower than
baseline level and vaues did not differ between control
and probucol-treated WHHL-rabbits (Table 2).

Plaque area, plaque thickness and plaque composition
in experiment 2

In experiment two control rabbits showed an increase in
plaque thickness (16 um in female baseline animal
vs. 168 um in female and 220 um in male control, re-
spectively) (Fig. 6A, Table 1). Probucol treatment for a
period of 12 months, beginning at the age of 2 months
when only little intimal thickening was present (i.e. 16
pm, Table 1), resulted in an inhibition in the increase
in plaque area and thickness (female: 53 um/27% vs.



168 wm/49%; male: 99 um/18% and 71 um/12%, re-

spectively vs. 220 um/40%). Plaques from probucol-
treated animals showed a lower expression of foam cells

and
necrosis (females: 7 gc FC/2 gc NEC vs. 27 gc FC/11

gc NEC; males: 7 gc FC/3 gc NEC and 6 gc FC/6 gc
NEC, respectively vs. 23 gc FC/21 gc NEC). Intercellu-
lar matrix was also reduced (females: 19 gc ICM vs. 24
gc ICM; males: 19 gc and 20 gc ICM, respectively vs. 35
gc ICM), whereas smooth muscle cell counts did not dif-




Table 2 Results of morphometric analysis of plaque composition
— each individual WHHL-rabbit of experiment 1, experiment 2
and of the additionally examined 2-year-old control female
WHHL-rabbit. (B, Baseline; C, Control; P, Probucol; F Female; M
Male) animals are numbered consecutively according to experi-

185

ment 1, experiment 2 and the 2 year old WHHL-rabbit (C12F).
Parameters include smooth muscle cells (SMC), foam cells (FC),
necrosis (NEC), intercellular matrix (ICM) and apolipoprotein B
(APO B) (****=grid counts, all numbers are medians; first and
third quartile in parentheses)

WHHL-No. Months SMCHHH* FC*#** NECH*#*** ICM*x*% APOQ BH¥**
BIF 4 14 (11-20) 26 (18-37) 3(1-7 15 (10-21) 7(5-9)
C2F 10 17 (13-23) 22 (16-33) 2 (0-13) 20 (11-33) 9 (7-12)
C3M 10 23 (16-30) 30 (20-43) 4 (0-26) 26 (16-38) 14 (9-21)
P4F 10 22 (15-28) 4 (3-6) 004 24 (18-33) 12 (7-17)
P5M 10 18 (13-24) 6 (3-9) 3(0-9) 23 (16-32) 11 (5-16)
B6F 2 0 0 0 0 0

C7F 14 22 (16-30) 27 (18-38) 11 (3-26) 24 (14-37) 13 (8-17)
C8M 14 26 (20-33) 23 (14-32) 21 (841 35 (23-52) 11 (8-14)
POF 14 18 (15-24) 7 (4-10) 2 (0-8) 19 (14-27) 10 (6-14)
P10M 14 19 (16-26) 7(5-10) 3 (0-16) 19 (14-31) 11 (6-16)
P11IM 14 23 (19-31) 6 (4-8) 6 (1-13) 20 (14-26) 9 (5-13)
C12F 24 27 (22-31) 4 (2-8) 44 (37-57) 53 (46-58) 12 (11-15)

fer significantly (Figs. 6B, 7A, B). In this experiment,
intracellular apo B was also lowered below detectable
levels, whereas extracellular apo B deposition was not
altered quantitatively by probucol treatment (Table 2).
In control animals, positive staining for apo B was de-
tected predominantly within the fibrous cap and less in
the underlying intercellular matrix (Fig. 8A). Necrotic
cores usually lacked positive staining for apo B. Plaques
from probucol-treated animals showed a more diffuse
distribution and less staining within the fibrous cap (Fig.
8B).

Fig. 4 Development of atherosclerotic lesions in WHHL-rabbits.
A Foam cell accumulation between endothelium and internal elas-
tic lamina (IEL) in a 4 months old female WHHL-rabbit. (L, Lu-
minal site; M Media) (Azan-stain, original magnification 630x
oil.) B Foam cell accumulation within the intima and a single
smooth muscle cell (arrow) lying between the foam cells, which
contains lipid-vacuoles. (same animal as Fig. 4A, Azan-stain, orig-
inal magnification 630x oil.) C Massive smooth muscle cell oc-
currence in the intima of a lesion shown with dispersed foam cells.
Between smooth muscle cells intercellular matrix can be seen
(blue). (10 months old female, Azan-stain, original magnification
250x oil.) D Photomicrograph demonstrating the contrast between
macrophage-derived foam cells as inflated cells with foamy look-
ing cytoplasm and smooth muscle cells containing much larger
vacuoles. (10 months old male, Azan-stain, original magnification
400x oil). E Fibroatheroma from a 14 months of female WHHL-
rabbit: a fibrous cap overlies a core containing foam cells, inter-
cellular matrix and necrosis (N). (Azan-stain, original magnifica-
tion 100x). F Complicated fibroatheroma stained with the com-
bined stain. Beneath the fibrous cap formed by red spindle-shaped
smooth muscle cells and dense green fibrous tissue, a thrombo-
haemorrhagic complication (7) can be seen stained dense red.
There is black stained calcified necrosis (C) within the less dense
fibrous tissue, which contains atheromatous masses. Notice the
fragmentation of elastic lamellae within the media, which contains
few smooth muscle cells. (14 months old female, Masson-Goldner
trichrome-elastica-Kossa-stain, original magnification 100x). G
Complicated fibroatheroma from 2-year-old female WHHL-rabbit:
a slim line of fibrin deposition can be detected upon the fibrous
cap (arrow), which covers a zone containing foam cells, cholester-
ol-clefts and necrosis. The media has almost vanished and a rup-
ture can be seen (asterix), rendering a continuity between foam
cells within the plaque and a pool in the adventitia. (Azan-stain,
original magnification 40x)
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Fig. 5A, B Morphometric analysis of experiment 1 (animal num-
bers from left to right as in Fig. 1A). A Plaque area (white bars, %
of total aortic surface) and plaque thickness (black bars, m). B
Plaque composition (grid counts) of experiment 1: black bars
show necrosis (NEC), white bars foam cells (FC), hatched bars
show number of smooth muscle cells (SMC) and squared bars in-

tercellular matrix (ICM)

Discussion

The present study provides a detailed analysis of the
composition of atherosclerotic lesions in WHHL-rabbits.
In two independent experiments probucol caused an inhi-
bition in the progression of atherosclerotic disease.

The development of atherosclerosis, as well as probu-
col-induced effects on atherogenesis, was investigated
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Fig. 6A, B Morphometric analysis of experiment 2 (animal num-
bers from left to right as in Fig. 1B). A Plaque area (white bars, %
of total aortic surface) and plaque thickness (black bars, um) of
experiment 2. B Plague composition of experiment2 in grid
counts: black bars show necrosis (NEC), white bars foam cells
(FC), hatched bars show number of smooth muscle cells (SMC)
and squared bars intercellular matrix (ICM)

with respect to plaque area, thickness and composition by
means of morphometric analysis. In order to better deter-
mine the true extent of atherosclerotic disease, 30 cross-
sections of the aorta of each animal were investigated. Our
data show that the measurement of only one variable such
as plaque area or plaque thickness may lead to an underes-
timation of the true dimension of this disease. As we ob-
served that probucol reduced the extent of atherosclerosis
in WHHL-rabbits, we investigated whether atherosclerotic
plaques of probucol-treated animals are just smaller or
whether they also differ with respect to their histological
composition. The two cellular components that have been
determined in our study have also been studied by other
investigators [31, 50], who employed two monoclonal an-
tibodies (i.e. RAM 11 and HHF 35) directed against anti-
gens indicative for macrophages and smooth muscle cells.
In a preliminary study we compared results from immuno-
histochemical staining using both antibodies to those ob-
tained with our combined stain on serial sections (Fig.
2B). We found that the combined Masson-Goldner tri-
chrome-elastica-Kossa-stain not only allows the differenti-
ation between macrophage-derived foam cells and smooth
muscle cells, but also (simultaneously) the identification
of intercellular matrix and necrosis in one section. Thus,
in this paper the term foam cell is exclusively used for
cells of macrophage origin.

Using the approach described above, we analysed the
control animals and one old (24 months) rabbit in order to
confirm the validity of this method as a valuable tool for
analysing the progression of athersclerosis. A constant in-
crease was shown in plaque thickness of female rabbits,
whereas plaque area seemed not to change between 4 and
14 months. There were only two males as controls, which
did not show comparable results. In the initial stages of
this disease a predominance of foam cells was detected,
followed by the additional appearance of nearly equal
parts of smooth muscle cells and intercellular matrix. In
more advanced lesions (24 months) the foam cell content
was greatly decreased whereas the amount of necrosis in-
creased. This shift at a certain age or point of plaque de-
velopment is most likely due to the transition of macro-
phage-derived foam cells to necrosis. Studies investigat-
ing the origin of lipid vacuoles within the atheromatous
core of atherosclerotic lesions provide evidence support-
ing this hypothesis [19]. Simultaneously, in the more ad-
vanced lesions, smooth muscle cells increased only
slightly in number, whereas the amount of intercellular
matrix increased more strongly. The fact that smooth
muscle cells produce a constant amount of intercellular
matrix [49], explains our observation of an disproportion-
ate increase in intercellular matrix in comparison with the
increase in the number of smooth muscle cells.

Probucol inhibited the progression of atherosclerotic
disease. This can be deduced from both experiments in
this study. Furthermore, results from experiment I, which
included those animals who received probucol treatment
in a more advanced stage of discase (4 months), suggest
that this agent might even induce regression of pre-exist-
ing atherosclerotic lesions. Again, at a more advanced
age (9 months), probucol treatment seems only to inhibit
progression of atherosclerotic disease assessed by sur-
face planimetry [9]. One can speculate that the amount
of vital foam cells at the beginning of the regression-reg-
imen plays a critical role in the potential regression of
atherosclerotic plaques.

In both experiments probucol induced a shift in com-
position of cellular and extracellular constituents of
plaques. The diminution of foam cells in plaques from
probucol-treated WHHL-rabbits has been described pre-
viously [24, 31, 45], however without an precise quanti-
fication of this observation. In our study, the most strik-
ing finding is the quantitatively described reduction of
foam cell number and necrosis that characterizes the
structural difference of atherosclerotic plaques in pro-
bucol-treated animals. The typical plaque from probu-
col-treated WHHL-animals had a compact fibrous and
relatively acellular core which usually lacked confluent
necrotic areas and was covered by a dense fibromuscular
cap (Fig. 7A, B).

These profound effects on the structural properties of
atherosclerotic plaques in WHHL-animals may be based
on direct effects of probucol on monocytes or macro-
phages [25, 46, 52], leading to an inhibition of the accu-
mulation and subsequent destruction of macrophage-de-
rived foam cells [46, 47], which results in necrosis. How-



ever, we might well be dealing with indirect probucol
effects not mediated by cells, for example, reduction of
serum cholesterol, which was observed here (Table 1).
Although it has been shown that probucol reduces the
extent of atherosclerotic disease independent of its cho-
lesterol-lowering effect [7], the lipid-lowering effect
might also contribute to a certain extent to the different
atherosclerotic phenotype. However, on the basis of our
morphological observations, it seems more likely that
there are additional mechanisms of probucol action play-
ing a role in generating different types of plaques in
treated animals. Our analysis of the process of athero-
genesis in control animals suggests, that smaller plaques
should be rich in macrophage-derived foam cells, but the
contrary was found in probucol-treated animals. What
could be the mechanism underlying this unexpected
phenomenon?

The immunohistochemically detectable amount of ex-
tracellular apoB, indicative for the presence of LDL, was
not decreased here. Thus, the invasion of LDL into the
subendothelial space — as a prerequisite for atherogenesis
— must have occurred but did not induce the same extent
and quality of atherosclerosis as observed in the control
animals. The reduction of intracellular apoprotein B to
immunohistochemically undetectable levels in probucol-
treated animals implies that antioxidative protection of
LDL might adversley affect the scavenger pathway to a
considerable extent. There could be additional effects of
probucol on the lipid metabolism within the vessel wall,
such as a facilitated lipid transfer [14, 17, 20, 30, 52].

The question remains how those plaques that can still
be detected in probucol-treated animals develop despite
of the lack of an excessive accumulation of foam cells. It
is conceivable that a cholesterol level beyond a threshold
is required for this process. This in combination with a
minimal oxidation of cholesterol or LDL [2, 8, 33],
which may occur even in the presence of probucol within
the atherosclerotic plaque [31], might affect a small
number of macrophages. Actually, macrophages were
still detectable in lesions after probucol treatment in our
study. Such minimal changes might suffice to bring on
the sequence of events leading to atherosclerotic lesions
[38] as a sort of a trigger-mechanism. The intent should
be to block this proliferative response of smooth muscle
cells, which, as indicated above, is clearly detectable
even under circumstances where the macrophage and
foam cell content of atherosclerotic lesions is dramatical-
ly reduced. An interesting experiment would be the ap-
plication of a combination of probucol with an antiprolif-
erative substance like Etoposide, which has been shown
to change the composition of atherosclerotic plagues in
cholesterol-fed rabbits in a different manner [10].

In our experiments using the Watanabe animal model
both the plaque constituents and the different types of
atherosclerotic plaques resemble those in descriptions of
the development of this disease in other animal models
[11, 12, 36, 37, 41, 42] and humans [43, 44]. Our results
support the validity of the WHHL-rabbit as a relevant
mode] system. From studies in humans we know that it is
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not the absolute size of a plaque which causes its fatal
consequences [15, 16, 27], but rather those aspects of the
composition and architecture of a lesion that account for
complications such as rupture, bleeding and thrombotic
occlusion of a vessel. The thickness of the fibrous cap and
its content of macrophages as well as the presence of an
atheromatous core have been correlated with the vulnera-
bility of individual atherosclerotic lesions [26, 28]. We
demonstrate that treatment of WHHL-rabbits with probu-
col leads to quantitative as well as qualitative alterations
of the atherosclerotic phenotype. As these plaques repres-
ent more stable lesions, they might be less susceptible to
the fatal complications associated with atherosclerosis.
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