
therosclerosis is the underlying factor leading to
such cardiovascular diseases as stroke, aneurysm, and
myocardial infarction, and represents the major cause
ofdeath in the United States (1). Over the past decade,
the causative factors associated with atherosclerosis
have become more apparent and have created interest
in developing new anti-atherogenic agents. However,
many therapeutic approaches have been hampered by
the inability of the available noninvasive methods to
directly quantify the anti-atherogenic efficacy of drug
therapy. Standard approaches such as monitoring
changes in the levels of plasma cholesterol or lipopro
tein concentrations have been utilized to monitor the
effectiveness of drug therapy, but such analyses may
not correlate with intimal plaque formation (2). Cur
rent methods for measuring drug-induced attenuation
of atherosclerosis involve excising the aortas of drug
treated and untreated atherosclerotic animals and com
paring the involved surface areas and/or the total cho
lesterol or cholesteryl ester content ofthe aorta. Despite
describing the involved intimal area, surface mapping
does not assess lesional depth. Furthermore, measuring
aortic cholesterol or cholesteryl ester content is a time
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consuming process. A third approach attempts to quan
tify the atherosclerotic process by employing newer
noninvasive modalities (i.e., magnetic resonance imag
ing, ultrasound and computed tomography) (3-5).
These techniques are presently more qualitative than
quantitative in nature and at this time are not well
suited for small animal investigations.

The purpose of this study was to develop an animal
model whereby the efficacy of drugs to influence the
progress of atherosclerosis could be evaluated by ra
dioscintigraphy. While current methods requiring post
mortem analysis are practical for drug evaluation in
small laboratory animals, a noninvasive method would
be particularly valuable for studies in expensive non
human primates such as the rhesus monkey where
lesion development is more analogous to that observed
in humans.

Since atherosclerosis may be considered a dynamic
cholesteryl ester storage disorder in which excess esters
of cholesterol accumulate within tissues such as the
media of arteries, it was logical to assume that a radio
labeled cholesteryl ester-like probe may also accumulate
within afflicted vessels. Such a probe could gain entry
into atheroma presumably as a component of serum
lipoproteins. If such a cholesteryl ester analog were
resistant to the action of intracellular cholesteryl ester
hydrolases, its presence in lesions would closely reflect
the process ofcholesteryl ester accumulation during the
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Rabbits rendered atherosclerotic by mechanical aortic de-endothelialization and 6 wk of
cholesterol feeding were administered estradiol-17@9-cypionate, an anti-atherogenic agent in
rabbits. These animals were compared to a similar, untreated group and control animals fed a
regular non-atherogenic diet. Iodine-125 cholesteryl iopanoate ([125I]Cl),a nonhydrolyzable
cholesteryl ester derivatIve, was administered intravenously at regular intervals throughout
the study. Six days after the last dose of [125I]CI,the animals were scanned with a gamma
camera. After animals were killed, tissue distribution of the â€˜@Iradioactivity showed a
significantdecrease of [1@I]CIaccumulation in the aorta of estrogen-treated as compared to
untreated, cholesterol-fed animals. However, the accumulation of [125I]Clin the aortas was
insufficient to accurately define the presence of atheroma by gamma camera scintigraphy.
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development of atherosclerosis. One such probe, [3H]
cholesteryl linoleyl ether, developed by Stein et al. (6)
has proven useful in measuring influx rates of natural
cholesteryl esters into aortas of cholesterol-fed rabbits.

Previously we have described a radioiodinated cho

lesteryl ester iodine-l25 cholesteryl iopanoate ([â€˜25I]CI),
as a probe for the in vitro measurement of atheroscle
rosis in animals ( 7,8). These reports showed [â€˜251]CIto
be resistant to hydrolysis in vivo and selective for ath
eroma over normal aortic tissue. Moreover, the amount
of [â€˜25I]CIaccumulating in the atherosclerotic lesions
was found to be directly related to the content of natural
cholesteryl esters within these lesions (8).

Thus, a study was undertaken to assess the value of
[â€˜251]CIas an in vivo tracer for measuring the attenua
tion of atherosclerosis in cholesterol-fed rabbits treated
with estradiol-17fl-cypionate, an anti-atherogenic com
pound in rabbits (9). A de-endothelialized cholesterol
fed rabbit model was used, primarily because the vas
cular lesion is rapidly induced and well-characterized
(10). A secondary objective was to determine if the
accumulation of [â€˜251]CIin atheroma of atherosclerotic
rabbits could be distinguished noninvasively using
gamma-camera scintigraphy.

MATERIALS AND METHODS

Fourteen female New Zealand White rabbits (Langshaw
Farms, Augusta, MI) (2.34â€”3.20kg) were randomly divided
into three groups at the beginning of the study. One group
was maintained on normal rabbit chow (n = 4) and the other
two groups on rabbit chow supplemented with 2% cholesterol
(Purina Special Diet Plant, Richmond, IN) (n = 10); food and
water were given ad libitum. Rabbits receiving cholesterol
enriched chow were subjected to aortic balloon catheter (3F
Fogarty) de-endothelialization under xylazine (9 mg/kg) and
ketamine (Butler, Brighton, MI) (50 mg/kg) anesthesia as
previously described (7). Immediately after surgery, one cho
lesterol-fed group received 1.5 mg of estradiol-l7f3-cypionate
i.m. in a corn oil vehicle, once every week until animals were
killed. The other cholesterol-fed group did not receive estrogen
and served as the atherosclerotic control group.

Cholesteryl iopanoate was synthesized, radiolabeled, and
formulated in Tween-20/saline as described previously (11).
Radiopurity was determined by silica gel thin-layer chroma
tography (TLC)(Merck silica gel 60 f2plates, Darmstadt, West
Germany) with a solvent system of hexane:ethyl acetate 5:2
(v/v). Plates were visualized under uv light and scanned on a
radiochromatogram scanner (Berthold 6000 Radiochromato
gram Scanner; Berthold Instruments, Pittsburgh, PA) before
being cut into 1cm sections and counted in a gamma counter
(Searle 1185 Gamma Counter, TM Analytic, Inc., Elk Grove
Village, IL) (1251counting efficiency 82%). Ten or 11 days
after the start ofdiet, all three groups ofanimals were injected
with 7â€”10@Ciof['251]CI in the marginal ear vein. Subsequent
doses were given in a similar manner twice weekly for 5 wk;
the cumulative dose ranged from 83. 1â€”90.0@Ci/animal.

Following the last injection of [â€˜251]CI,rabbits were main
tamed on their respective diets for 6 days to allow for adequate

blood clearance of [â€˜251]CIprior to imaging. Rabbits were
anesthetized as described above and posterior abdominal im
ages were collected for 30-mm periods (-@@@l00,000counts!
image) using a gamma-camera (Sigma 410 Mobile Gamma
Camera, Ohio Nuclear, Solon, OH) equipped with a high
sensitivity collimator interfaced to a digital minicomputer
(Medtronix Medical Data Systems, Ann Arbor, MI). The
location of the aorta was confirmed by simultaneous admin
istration of technetium@99m@(@mTc)labeled red blood cells
(12). Pulseheightdiscriminationof the photopeaksof @â€œTc
and @25Idemonstrated <1 % of the 99mTcactivity in the 1251
window. The region of 1251activity corresponding to the
position of the aorta was analyzed for radioactivity and corn
pared to an adjacent, nontarget region for ten rabbits. All
values were determined by computerized analysis and were
normalized and corrected for sample size in the digitalized
irnages.

In order to determine the minimum detectable concentra
tion of radioactivity necessary for imaging the atherosclerotic
plaque of rabbit aorta, the following procedure was under
taken. A series of small plastic microcentrifuge tubes were
filledwith 20@ of variousconcentrationsof aqueousNa'25I.
The amount of radioactivity contained within each tube was
determined by counting in a gamma counter. These tubes
were then placed in order of increasing radioactivity in the
aorta ofa female rabbit that had been killed by exsanguination
as before and eviscerated. The abdominal cavity was packed
with absorbant towels to replace tissues removed during evis
ceration. The edges ofthe imaging field were determined using
a radioactive source and marked on the animal's back with
needles to serve as a reference for subsequent imaging. Image
acquisition was performed as described earlier. After acquisi
tion of counts, discrete areas ofradioactivity along the axis of
the aorta were matched with their sources. In this manner,
the lowest quantity of radioactivity necessary for aortic vis
ualization could be ascertained.

While under anesthesia, rabbits were killed and various
tissues were removed in order to assess the tissue distribution
of['251]CI.Representativetissue samplesweretaken, weighed,
and counted for 125!content as previously described (7). Body
fluids, such as bile were removed using a syringe and analyzed
asabove.

Aortas were removed, trimmed of adventitial fat, rinsed
with saline, and opened longitudinally. Selected aortas were
stained with Oil Red 0, photographed, wrapped with plastic
wrap, and exposed to Kodak XAR-5 x-ray film for 40 hr at
â€”70Â°Cfor autoradiography. Aortas were cut into 1 cm sec
tions, weighed, and counted as other tissues to determine
uptake of probe.

The in vivo stability of [â€˜251]CIwas determined by extract
ing samples of liver, adrenal, and plasma using chloro
form:methanol 2:1 (v/v) according to the protocol ofFoich et
al. (13). The percent of radioactivity in the organic phase
remaining as intact compound was determined by thin layer
chromatography (TLC) using the solvent system and counting
protocoloutlined previously(7). Unlabeledcholesteryliopa
noate was used as a standard.

A sampleofplasma takenat time ofdeath wasalso analyzed
by polyacrylamidegel electrophoresis(PAGE) as described
elsewhere to determine the distribution of [â€˜251]CIwithin the
plasma compartment (7). Also, plasma collected at time of
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Estrogen-treated@r@ssueChow-fed

(n= 4)Cholesteroi-fed(n = 5)choiesteroi.fed (n =5)Adrenal6.077

Â±0.3181.833 Â±O.l55@1.908 Â±O.l79@Aorta0.013
Â±0.0040.187 Â±O.O2l@0.067 Â±O.OlS@Blood0.034
Â±0.0060.048 Â±0.0120.084 Â±0.015Bone

marrow@0.194 Â±0.0230.302 Â±0.0510.323 Â±0.036Uver1.504
Â±0.2011.111 Â±0.0671.013 Â±0.090Ovary0.214
Â±0.0310.230 Â±0.0170.106 Â±0.01O@Spleen0.840
Â±0.1290.916 Â±0.1370.819 Â±0.096Thyroid3.898
Â±0.9663.287 Â±0.4543.260 Â±0.413.

p < 0.05 versus controlgroup.t

p < 0.01 versus controlgroup.t

p < 0.01 versus untreated atheroscleroticgroup.Â§
Taken from femur.

death was analyzed for total cholesterol content using a corn
mercially-available enzymatic assay kit (Worthington Diag
nostics, Freehold, NJ).

RESULTS

The uptake of [â€˜25I]CIinto arteries of cholesterol-fed
rabbits was an order of magnitude higher than that
found in the aortas of the control group (Table 1). In
contrast, simultaneous treatment of hypercholestero
lemic rabbits with estradiol-17fi-cypionate resulted in a
64% decrease in aortic radioactivity. These differences
correlated with the severity of atheroma observed by
gross inspection. For example, Figure 1 compares an
autoradiogram of aortas taken from estrogen-treated
and untreated cholesterol-fed rabbits with photographs
of the aortas after Oil Red 0 staining. The autoradi
ograms clearly illustrate the reduction in atheroma for
mation associated with estrogen treatment.

At the time of death, the total cholesterol levels in
the estrogen-treated group were found to be 2,484 Â±
209 mg/dl compared to 1,940 Â±248 mg/dl for the
untreated cholesterol-fed group. This value for the con
trol group was 278 Â±161 mg/dl.

As shown by the tissue distribution of [â€˜25I]CIlisted
in Table 1, high concentrations of [â€˜25I]CIwere found
in the adrenals and liver of chow-fed rabbits. When
compared to the chow-fed, normolipidemic rabbits,
these levels were reduced 70% and 26%, respectively,
in the cholesterol-fed, hyperlipidemic rabbits. Estrogen
treatment did not alter this pattern of accumulation in
the hypercholesterolemic rabbit; however, a reduction
in the concentration of [â€˜25IJCIwas seen in the ovary.
Other tissues containing high concentrations of radio
activity included bone marrow, spleen, and thyroid. As
is usual for radioiodine-containing diagnostics, thyroid
levels were presumed to reflect the sequestration of
radioiodide produced by low rates of metabolic deio
dination of tracer.

caudal

FIGURE 1
Aortas of either untreated (A) or estradiol-1 7@-cypionate
treated (B)cholesterol-fed rabbits. Left:OilRed 0 stained.
Right: en face autoradiogram. Aortas were removed from
animals 6 days after the last administration of [125I]CI.

Table 2 demonstrates the relative distribution of['25I]
CI within the various components of the plasma com
partment as determined by PAGE. Hypercholesterole
mia shifted the majority of the probe in the plasma

TABLE 1
Tissue Distribution of [125I]Cholesteryl lopanoate
% Administered(kg) Dose/g (Average Â±s.e.m.)
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TABLE2Percent
Radioactivity Associated with PlasmaFractionsSeparated

by 3% Polyacrylamide GelElectrophoresis(%
Radioactivityon Gel (average Â±s.e.m.))Estrogen-treatedFraction

Chow-fed Cholestero@fedCho@steroI-fed(n=4)

(n=5)(n=5)CM-VLDL
7.0 Â±3.6 36.0 Â±6.l@ 43@ Â±8.2@VLDL-IDL
9.4 Â±5.4 38.8 Â±9.8 30.2 Â±4.O@LDL

26.3Â±8.1 11.7Â±3.417.6Â±6.2HDL
25.8Â±11.5 6.5Â±1.63.9Â±1.fAlbumin
13.4 Â±6.0 2.3 Â±0.8 1.1 Â±0.(Below

Albumin 17.9 Â±7.5 4.6 Â±2.3 4.1 Â±1.8.

p < 0.05 versus controlgroup.t

p < 0.01 versus control group.

g@Ci/cm)than this minimal level, the differences oh
served in Figure 2 cannot be due to differences in aortic
activity but rather to differences in the accumulation of
radioactivity at other abdominal sites. This was con
firmed when exvisceration of the aorta in one rabbit
failed to significantly alter the scintigraphic image.

DISCUSSION

The reduction ofatheroma noted by gross inspection
and the resultant reduction of['251]CIuptake into aortas
ofestradiol-treated cholesterol-fed rabbits was achieved
without a decrease in plasma total cholesterol. This
suggests that estrogens attenuate atherosclerosis through
a nonhypolipidemic mechanism. Recently, Hough and
Zilversmit (9) reported that estrogen reduced the extent
of atherosclerosis during cholesterol feeding without a
concomitant reduction in plasma cholesterol. Although

the mechanism for this anti-atherogenic action of estro
gen is unknown, it has been reported that estrogens
decrease collagen synthesis in the walls ofarteries during
hypercholesterolemia and that this effect may account
for their anti-atherosclerotic action (14).

While this study was able to show abdominal scinti
graphic differences between estrogen-treated and un
treated atherosclerotic rabbits, these observed differ
ences could not be attributed solely to differences in
aortic radioactivity. Studies are now in progress to
identify those abdominal tissues other than aorta which
display significant retention of cholesteryl ester in the
atherosclerotic animal.

Several tissues in normal animals, such as liver and
adrenal, contained high concentrations of [â€˜25I]CIand
these organs are readily observed in the scintiscan (Fig.
2A). Moreover, the levels ofradioactivity in these tissues
were observed to decline in the hypercholesterolemic
state. This observation was not surprising since tissues
such as liver and adrenal are known to contain high
concentrations of lipoprotein receptors that down-reg
ulate during periods of hypercholesterolemia (15,16).
Moreover, PAGE results indicated that [â€˜25I]CIrapidly
becomes associated with plasma lipoproteins after ad
ministration, and thus could easily be internalized in
the above tissues by a lipoprotein receptor-mediated
uptake process. Plasma lipoproteins are also known to
provide cholesterol as precursor for hormone synthesis
in the ovary (1 7,18), and this is a plausible explanation
for the high concentration ofradioactivity in this tissue.
A reduction of ovarian radioactivity was noted in rab
bits treated with estrogen and this may be related to
normal hormonal feedback inhibition of ovarian ste
roidogenesis resulting in decreased exogenous choles
terol uptake.

In agreement with previous studies (19,20), choles
terol feeding led to pronounced hypercholesterolemia
and a vast elevation in the d < 1.019 g/ml lipoproteins

from those fractions having greater density (d > 1.019
g/ml) to those of lesser density (d < 1.0 19 g/ml),
especially beta very low density lipoprotein (@9-VLDL).

Lipid extraction and TLC analysis demonstrated that
between 89-91 % ofthe radioactivity extracted from the
adrenals ofthe three groups ofanimals partitioned into
the organic phase and between 83-87% of this radio
activity co-migrated with a cholesteryl iopanoate stand
ard on TLC. Likewise, the values for liver were com
parable (87â€”92%partitioned into the lower, chloroform
phase, with 80â€”84%co-migrating with cholesteryl io
panoate). The majority of the radioactivity found in
plasma at sacrifice was also intact probe, although less
so than the other tissues studied (72-87% in organic
phase, 61â€”65%of this co-migrating with [â€˜25I]CI).We
believe that these other forms of radioactivity present
in the plasma account for the levels associated with the
albumin and below albumin band on PAGE, which is
especially pronounced in the chow-fed control group.

Scintigraphic Studies
Scintigraphic images of representative animals from

the chow-fed control (A), the untreated cholesterol-fed
(B), and the estrogen-treated cholesterol-fed (C) groups
are shown in Figure 2. These are shown along with the
image obtained following administration of @mTc@la@

beled red blood cells to a normal chow-fed rabbit (D).
The estrogen-treated animals exhibited a reduction in
radioactivity in the abdominal region over that of the
untreated cholesterol-fed animals, particularly in the
region of the aorta. Such observations correlated with
the reduction in aortic radioactivity shown in Figure 1
for the estrogen-treated group. However, phantom stud
ies involving implantation of calibrated amounts of
Na'25I into the aorta of a normal rabbit revealed that
@@-0.2@Ci/cmwas the minimal amount of aortic radio

activity needed for imaging. Since the highest levels of
radioactivity found in the aortas of untreated athero
sclerotic rabbits were at least 30-fold lower (0.002â€”0.006
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FIGURE 2
Posterior abdominal images Obtained after administration of [125l]CIto (A)a control rabbit (note two adrenals below the
liver indicated by arrows), (B) a cholesterol-fed rabbit, and (C) an estrogen-treated cholesterol-fed rabbit. (D) is an image
obtained following administration of [@â€œTc]RBCsto a normal rabbit.

(especially fi-VLDL). The higher levels of radioactivity
in the blood of cholesterol-fed animals over that of
control animals could thus be ascribed to â€œmetabolic
dilutionâ€• of the tracer as well as diminished clearance
of the d < 1.019 g/ml lipoproteins, which is known to
occur in cholesterol-fed rabbits as a result of saturation
and reduction in the number of hepatic receptors (21,
22).

Bone marrow also contained an elevated concentra
tion ofradioactivity in the hypercholesterolemic rabbits
and is perhaps a result of the sequestration of lipopro
teins containing [â€˜25I]CIthrough the scavenger-me
diated mechanisms intrinsic to the cells of the reticu
loendothelial system (23,24). Several studies have
shown fi-VLDL to be taken up by macrophages via a
specific cell-surface receptor different from that of the
LDL and modified-LDL receptors (25,26). Thus, the
high bone marrow [â€˜25I]CIaccumulation found in both
of the cholesterol-fed groups is compatible with these
previous findings.

The extraction and separation of the radioactivity
contained in liver, adrenal, and plasma demonstrated
the stability of [â€˜25I]CIin vivo. The apparent plasma
degradation of probe may be due to both metabolism

within the plasma as well as the presence in the plasma
of metabolites of [â€˜251]CIformed within tissues (e.g.,
liver and adrenal). The apparent resistance of [â€˜251]CI
to hydrolysis was also supported by the lack of activity
found in the bile (Table 1), since iopanoic acid, an
expected product of hydrolysis, is known to quickly
concentrate within bile. Although the stability of [@23I]
CI in the aortas was not examined in this study, extrac
tion of an atherosclerotic aorta in a previous study
found [â€˜25I]CIto be present as the intact compound (7).

In summary, [â€˜25I]CImay serve as a useful tracer for
the measurement of atherosclerosis in laboratory ani
mals and for the assessment of the anti-atherogenic
effect of hypolipidemic therapy. In order for such a
tracer to be useful for scintigraphic purposes, however,
a considerable improvement in the aortic uptake vis-a
vis surrounding tissues will be needed. Since lipopro
teins are known to be involved in the transport of
cholesteryl esters to atheroma, studies are now in prog
ress to incorporate [â€˜25I]CIinto various lipoproteins and
chemically-modified lipoproteins. Hopefully such stud
ies will generate the type of information ultimately
required to achieve selective localization of radiodi
agnostics in atheroma.
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