
Radioiodinated low-density lipoprotein (LDL) has
been found to behave like native LDL and has been
used successfully for many years in animal studies of
LDL accumulation in vascular tissues (2-4). More
recently, investigations with LDL labeled with iodine
125 (1251)demonstrated the feasibility of using this
technique for external imaging in vivo (5). Iodine-l25,
which emits a very low-energy photon, is, however, a
poor label for external imaging. Very low density bipo
protein (VLDL) has been labeled with 1231for in vivo
studies ofits metabolism (6), and LDL has been labeled
with technetium-99m (99mTc) ( 7,8). These radio
nuclides emit photons that are suitable for imaging, but
their relatively short half-lives (1231:13 hr, 99mTc:6 hr)
allow only short-term experiments to be conducted.
Due to the slow plasma clearance of LDL, particularly
in hypercholesterolemic individuals (9), experiments of
longer duration are necessary for effective imaging of
LDL uptake into atherosclerotic lesions. In a recently
published study of 99mTcbabeledLDL in patients with
atherosclerotic disease (10), the authors indicated that
some lesions were detected with a gamma camera, but
most areas of known disease were not detected because
the slow plasma clearance ofLDL and the short physical
half-life of 99mTcresulted in low target-to-background
ratios.

We sought to label LDL with indium-l 11 (â€˜â€˜â€˜In),a
gamma emiuing isotope with a half-life of 2.83 days,
that has been used successfully to label other radio
pharmaceuticals (11â€”13).This isotope is well suited for
experiments with labeled lipoproteins because its half

life is sufficiently. bong to allow imaging of atheroscle
rotic lesions after blood-pool clearance has occurred
and because it emits photons of suitable energies (171
and 245 keY) for efficient imaging with standard
gamma cameras. In the current studies, the behavior of
â€ẫ€ẫ€˜In-LDL was tested in vitro, by determining its ability

to specifically bind to LDL receptors on cultured fibro
blasts, and in vivo, by determining its biodistribution
in normal and in hypercholesterolemic rabbits.

Radiolabelingoflow-density lipoprotein (LDL) and external
imaging with a gamma camera would offer a means of
taking advantage of the metabolic activity of developing
atherosclerotic lesions in order to noninvasivelydetect and
determine the extent of atherosclerotic cardiovascular dis
ease. Indium-i 1i-(111ln)labeled LDL was prepared and its
purity demonstrated by agarose electrophoresis and ultra
centrifugation. In vitro studies with cultured human fibro
blasts demonstrated significant inhibition of iodine-i 25-
(1@I)LDL bindingto LDL receptorsby 111In-LDL,although
this was less than the inhibition produced by unlabeled
LDL. Adrenalgland uptake of 111In-LDLby hypercholes
terolemic rabbits was reduced by 86% compared to the
levelof uptakeobservedin normalrabbits.These results
were compatible with downregulationof adrenal LDL
receptorsin the hypercholesterolemicrabbits. Uptake of
111ln-LDLin the atheroscleroticproximalaorta of hyper
cholesterolemicrabbitswas2.5timeshigherthaninnormal
rabbits.These resultssuggestthat 111ln-LDLhas the po
tential to be a useful agent for external imaging of athero
sderotic lesionsandlipoproteinbiodistribution.
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adiolabeling of lipoproteins and external imaging
of lipoprotein accumulation by macrophages (1) in
early atherosclerotic lesions would offer a means of
taking advantage ofthe metabolic activity of developing
lesions in order to noninvasiveby detect and determine
the extent of early atherosclerotic disease. This would
allow the noninvasive evaluation, in animals and in
humans, of treatments aimed at reducing the rate of
lipoprotein uptake by the vessel wall. External imaging
of radiolabeled bipoproteins also would allow non
invasive studies of lipoprotein metabolism and bio
distribution.
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METHODS
Preparationof 1111n-LDL

LDL was isQlatedfrom human hyperlipidemicplasma by
sequential ultracentrifugation (14) and dialyzed overnight
againstnormal saline(pH 7.4)containing0.1 mg/mbEDTA.
Aliquots were taken for determination of protein concentra
tion by the method of Lowry et al. (15). Centricon-30 micro
concentrators (Amicon Division, W. R. Grace & Co., Danvers,
MA) were used for most buffer changes and washes of LDL
during subsequent processing. LDL was added to microcon
centrators which had been pretreated with 1% bovine serum
albumin in 0. 1 N NaHCO3, and the buffer changed from
normal saline (pH 7.4) containing 0.1 mg/mI EDTA to 0. 1 N
NaHCO3 (pH 8.8). Diethylene-tnaminepentaacetic acid
(DTPA) was coupled to LDL by a modification ofthe bicyclic
anhydride method of Hnatowich et al. (11). The bicyclic
anhydrideof DTPA(PierceChemicalCo., Rockford,IL)was
dissolved in dimethylsulfoxide(DMSO) and reacted with LDL
at a molar ratio of 6.4: 1. Excess DTPA was removed by
thoroughly washing the LDL in microconcentrators with 0.1
N NaHCO3.

The buffer was changed to 0. 1 M NaAcetate/O.02 M Na
Citrate, pH 5, and â€˜â€˜InCl3 (Medi-Physics, Inc., Emeryville,
CA) was added with mixing. After washing the â€˜â€˜â€˜In-LDLwith
NaAcetate/NaCitrate buffer, the buffer was changed to 0.05
M NaAcetate/0. 15 M NaCI, pH 7.4. Samples were filtered
(Millex GV 0.22-sm filter units, Millipore Corp., Bedford,
MA) to remove precipitated LDL and to sterilize.

LDL was labeled with 125! by a modification of the
McFarlane method (14,16). Samples were dialyzed exhaus
tively against normal saline, pH 7.4, containing 0. 1 mg/ml
EDTA. Samples were filter sterilized with Millex GV filter
units (0.22 @zm).

A determination of the average number of DTPA groups
bound per LDL in the bicyclic anhydride of DTPA procedure
was performed using a modification of the method of Hna
towich et al. (1 1). Aliquots were taken following the reaction
of the bicyclic anhydride of DTPA with LDL, and labeling
with â€˜â€˜â€˜In was performed without removing excess DTPA.
This was accomplished by adding excess 0. 1 M NaAcetate/
0.02 M NaCitrate, pH 5, buffer followed by addition of
I@ â€˜mCI3 with mixing. The preparation was transferred to a

microconcentrator precontacted with albumin and washed
thoroughly with buffer. The percentage of â€˜â€˜â€˜Inactivity bound
to LDL was determined. The average number ofDTPA groups
per LDL could then be calculated from this percentage and
the known molar ratio ofthe bicyclic anhydride ofDTPA and
LDL.
AgaroseGel Electrophoresis

Electrophoresis was performed on 1% agarose gel films
(Corning Medical Diagnostics, Medfield, MA) in 0.05 M
NaBarbital buffer, pH 8.6, for 15 mm. Gels were dried in a
55Â°Coven for 15â€”20mm, and then cut into 10 strips for
counting of radioactivity. Our determination ofthe width and
location of the strips to be cut and counted relative to the
origin was based on our previous experience with â€˜â€˜â€˜In-labeled
and unlabeled LDL, using Fat Red 7B staining. The origin
was within strip 3, which extended from 8 mm to the left of
the origin to 2 mm to the right of the origin. All strips were
1.0 cm wide, except: 1 (2.0 cm), 5 (0.5 cm), and 10 (1.5 cm).
Radioactivity was counted in a Nal well counter, and the

percentage of total activity in each strip was determined.
Indium-l 1l-colloid was prepared by mixing 25 @ilâ€˜â€˜â€˜InCl3
with 225 zl 0. 1 N NaHCO3.

Analysisof Samplesby Ultracentnfugation
Aliquots of â€˜â€˜â€˜In-LDLwere added to unlabeled LDL and

the density of the solution adjusted to 1.063 prior to centrif
ugation in a Beckman L2-65B ultracentrifuge for 20 hr at
10Â°C.The top 2-ml layer was removedand counted, as was
the remainder ofthe tube. Control preparations ofâ€•â€˜In-DTPA
were similarly analyzed. The percentage of total activity re
covered in this top layer in each case was determined.

FibroblastBindingStudies
Human skin fibroblasts (frozen at â€”70Â°Cafter three pas

sages) were thawed and grown to sub-confluence in 10% fetal
bovine serum in Dulbecco's modified Eagle's medium. The
medium was changed to 10% human lipoprotein-deficient
serum at 48 hr prior to the study. Determination ofthe binding
of â€˜â€˜â€˜In-LDLto the fibroblasts, and of â€˜251-LDLto the fibro
blasts in the presence and in the absence ofunlabeled LDL or
â€˜I â€˜In-LDL, was performed by a modification of the method

of Goldstein et al. (1 7). Following an incubation of 4 hr at
4Â°C,cells were washed three times with a solution containing
50 mM Tris-chloride (pH 7.4), 0. 15 M NaC1, and 2 mg/ml
bovine albumin. Cells were then washed three times with a
solution containing 50 mM Tris-chboride (pH 7.4) and 0.15
M NaCl. Determination of cell protein in each well was
performed after digestion of the cells with 0.1 N NaOH (15).
Samples were counted following the experiment to determine
â€ẫ€ẫ€˜In activity, and were counted again, 1 mo later, to determine

1251 activity following decay ofthe â€ẫ€˜â€˜In activity.

InVivoStudies
Male New Zealand white rabbits, 3.0â€”4.0kg, were fed either

a normal rabbit diet or a diet with 1.5% cholesterol added
(Bio-Serv, Inc., Frenchtown, NJ) for 8 wk. Plasma cholesterol
levels of normal (n = 3) and hypercholesterolemic (n = 4)
animals were determined during that period and just prior to
injection with radiolabeled LDL. Animals were anesthetized
with intramuscular injections of Rompun (5 mg/kg) and
ketamine (35 mg/kg). A marginal ear vein was used for
injections of â€˜â€˜â€˜In-LDL.Animals were injected with 176 @zg
(72 MCi)of â€˜â€˜â€˜In-LDLand 27 @ig(6 @.iCi)of â€˜251-LDLper
animal, except for the images displayed in Figure 3. These
images were obtained in a separate experiment in which
rabbits were injected with higher levels of activity: 165 @@Ci
(normal rabbit) and 52 1 @Ci(hypercholesterolemic rabbit) of
I@ â€˜In-LDL. In addition, the hypercholesterolemic animal

shown in Figure 3 was fed a cholesterol-enriched diet for a
shorter interval than those above and was not atherosclerotic.

Blood samples were taken from the central ear artery at
timed intervals following injection. Samples were counted in
a Nal well counter and plotted as the fraction of radioactivity/
ml in the 5-mm sample. Data were fitted to the sum of two
exponentials,and the fractional catabolic rates (FCR) were
calculated by the method of Mathews (18).

Scintigraphicimagingwasperformedat 15mm, 2 hr, 6 hr,
24 hr, 48 hr, and 144 hr following injection. Animals were
anesthetized with Rompun (5 mg/kg) and ketamine (35 mg/
kg) prior to imaging. Imaging was performed in the anterior
projection using a gamma camera equipped with a medium
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energy collimator and with data acquisition on a Medical
Data Systems A2 computer (Medical Data Systems, Ann
Arbor, MI). Imageswereacquiredfor 5 mm at the early time
points and 10â€”20mm at the later time points. Liver/heart
activity ratios were determined by selection of regions of
interest(ROIs)(6 x 6 pixels)overliver,heart,and background
regions. Data at 144 hr after injection were excluded because
background activity was 50% ofheart activity in the majority
of animals owing to significant blood-pool clearance at this
time point. Animals were killed by i.v. injection of pentobar
bital (100 mg/kg). Tissue samples from various organs were
removed,blotted dry, weighed,and counted. Standardswere
also counted, and the % of injected dose/gm of tissue was
determined for each organ.

RESULTS

In VitroStudies
DTPA was bound to LDL isolated from human

hyperlipidemic plasma by reacting the bicycic anhy
dride of DTPA with LDL at a molar ratio of 6.4: 1. At
this starting molar ratio of reactants, the average num
ber of DTPA groups per LDL was found to be b.2.
Foblowingbabelingofthe LDL-DTPA preparations with
I@ â€˜In, the radiobabeled preparations were analyzed by

agarose gel electrophoresis. Control samples of â€œIn
colboid and â€˜â€˜â€˜In-DTPAwere analyzed together with
I@ â€˜In-LDL by agarose electrophoresis. The gels were cut

into strips and the radioactivity counted. Figure 1 com
pares the migration of â€˜â€˜â€˜In-LDLwith the control sam
pies. Indium-b I b-LDL (Fig. lÃ€)migrated as a single
band and did not demonstrate any significant contam
ination with â€˜â€˜â€˜In-DTPA(Fig. lB) or â€˜â€˜â€˜In-cobboid
(Fig.bC).

Abiquots of â€˜â€˜â€˜In-LDLsamples were added to unla
beled LDL and analyzed by ultracentnfugation at den
sity = 1.063. The top 2-ml of a 6-mi volume was
removed and counted. Ninety-one percent ofthe radio
activity was found in this fraction. In contrast, when a
control sample of â€˜â€˜â€˜In-DTPAwas analyzed, only 27%
of the radioactivity was found in this top layer. After
refrigeration and storage of the â€˜â€˜â€˜In-LDLpreparation
for 9 days, a repeat analysis demonstrated 84% of the
radioactivity in the LDL frathon.

The â€˜â€˜â€˜In-LDLpreparation was assayed for retention
of native biologic activity using cultured human fibro
blasts. The ability of â€˜â€˜â€˜In-LDLto competitively inhibit
binding of â€˜25I-LDLto LDL receptors was compared
with that of unlabeled LDL. As shown in Figure 2A,

â€ẫ€ẫ€˜In-LDL demonstrated significant inhibition of @25I@

LDL binding to receptors (80% inhibition with 100 @g
of â€˜â€˜â€˜In-LDL),although the inhibition of binding was
not as pronounced as with unlabeled LDL (88% inhi
bition with 100 @gof unlabeled LDL). The results of
direct binding of â€˜â€˜â€˜In-LDLand â€˜25I-LDLto fibrobbasts
are shown in Figure 2B. Although the two radiotracers
were not studied at the same concentrations, â€˜25I-LDL
binding appeared to reach a plateau at 25 @gwhile â€œIn
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FIGURE1
Agarosegel electrophoresisof 111ln-LDL(A), 111In-DTPA(B),
and 1111n-colloid(C). Gels were cut into 10 strips. Data are
expressedas % of total activity on gel.

LDL binding demonstrated lower affinity and did not
appear to reach a plateau even at 100 @g.Thus, â€œIn
LDL demonstrated an increased nonsaturable compo
nent. These results suggest that while â€˜â€˜â€˜In-LDLis rec
ognized by the LDL receptors, it behaves as a modified
LDL that cannot interact fully with these receptors.

In Vivo Studies
Male New Zealand white rabbits were fed either a

normal rabbit diet (n = 3) or a diet with 1.5% choles
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terol added (n = 4) for 8 wk. The mean plasma
cholesterol level for the animals fed a cholesterol-sup
plemented diet was 1,539 mg/100 ml (vs. 25 mg/bOO
ml for normal rabbits). Blood samples were drawn from
normal (n = 3) and hypercholesterolemic rabbits (n =
4) at frequent intervals following the i.v. injection of
â€˜25ILDLand â€˜â€˜â€˜In-LDL.The samples were weighed
and counted to determine the radioactivity per milliliter
of blood. The fractional catabolic rates (FCR) were
calculated using a two-compartment model. The FCR
values for â€˜25I-LDLwere 2.08 Â±0.16 pools/day in
normal rabbits and 0.74 Â±0.20 pools/day for hyper
cholesterolemic rabbits. For â€˜â€˜â€˜In-LDL,the FCR values
were 1.52 Â±0.20 pools/day in normal rabbits and 1.12
Â±0.26 pools/day for hypercholesterolemic rabbits. The
FCR of â€˜251-LDLwas significantly lower in hypercho
lesterolemic rabbits than in normal rabbits (p < 0.001).
The FCR of â€˜â€˜â€˜In-LDLwas lower in hypercholestero
lemic rabbits than in normal rabbits, although the
difference was ofborderbine significance (p < 0.08). An
indication of the rate of blood-pool clearance and he
patic uptake of â€˜â€˜â€˜In-LDLwas also obtained noninva
sively by scintigraphic imaging (Fig. 3). Animals were

imaged at intervals from 15 mm to 6 days after injec
tion. Regions of interest in the computer-acquired im
ages were placed over the heart, as a measure of blood
pool activity, and over the liver. The liver/heart ratio
of activity per pixel was determined. The liver/heart
ratios (Fig. 4) demonstrate a faster rate of blood-pool

clearance in normal rabbits than in hypercholesterol

emic rabbits.
Animals were sacrificed at 6 days after injection with

radiolabeled LDL. Biodistribution data (expressed as %
of injected dose/g of tissue) are listed in Table 1. The
overall levels of uptake in all tissues, obtained from

both normal and hypercholesterolemic rabbits, were
many times higher with â€˜â€˜â€˜In-LDL than with â€˜251-LDL.
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FIGURE 2
(A)Competitiveinhibitionof 125l-LDLbindingto fibroblasts.Culturedhumanfibroblastswere incubatedfor 4 hr at 4Â°Cwith 5
M9of 125l-LDLand with varyingamountsof either 111ln-LDLor unlabeledLDL in the medium.1251-LDLbindingis expressedas
ng/mg cell protein. (B) LDL binding to fibroblasts relative to concentration. Cultured human fibroblasts were incubated for 4 hr
at 4Â°Cwith varying amounts of 1251-LDLand 1111n-LDL.LDL binding is expressed as ng/mg cell protein.

For example, in normal rabbits â€˜â€˜â€˜In-LDLuptake in
adrenal gland was 35 times higher than â€˜251-LDLup
take, and uptake in liver was 15 times higher. Indium
11l-LDL uptake in liver and adrenal glands was de
creased in hypercholesterolemic rabbits, compatible
with downregulation of LDL receptors in these choles
terol-fed animals. As shown in Figure 5, the response
ofthe adrenal glands to hypercholesterobemia was quite
marked with â€˜â€˜â€˜In-LDL,with hypercholesterobemic rab
bits demonstrating only 14% of the uptake found with
normal rabbits (p < 0.001). Uptake by the liver in
hypercholesterolemic rabbits was 57% of that present
in normal rabbits (p < 0.02). In contrast, hypercholes
terolemic rabbits demonstrated a greater than two-fold
increase in uptake ofâ€•â€˜In-LDLin the proximal aorta,
the site of the most extensive atherosclerotic plaques,
in comparison with normal rabbits (p < 0.02).

DISCUSSION
The development of radiolabeled LDL for the non

invasive detection of the extent of early atherosclerotic
disease would allow the noninvasive evaluation of treat
ments aimed at reducing lipoprotein uptake by blood
vessels. However, there are serious drawbacks associ
ated with each of the currently reported methods (5â€”
7). The low-energyphoton of 1251is a poor label for
external imaging. The half-lives of 99mTc and 1231are
too short for effective imaging of uptake into athero
sclerotic plaques, owing to the slow plasma clearance
ofLDL (9). Consequently, we have directed our efforts
to developing â€˜â€˜â€˜In-labeledLDL, in order to take ad
vantage of the more suitable physical characteristics of
this isotope.

When binding DTPA to LDL or to any protein, and
radiolabeling with â€˜â€˜â€˜In,the possibility of contamina
tion with â€˜â€˜â€˜In-cobloidor with â€˜â€˜â€˜In-DTPAmust always
be considered. Analysis by agarose gel electrophoresis
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competitively inhibit the uptake of â€˜251-LDLby the
LDL receptors expressed on fibroblasts. However, the
inhibition was not as pronounced as with unlabeled
LDL at equal concentrations. In addition, the uptake
of â€˜â€˜â€˜In-LDLby the fibroblasts did not appear to be
fully saturable. These results suggest that while â€œIn
LDL is recognized by LDL receptors, it is clearly a
modified LDL and nonreceptor mediated mechanisms
are also operative. The â€˜â€˜â€˜In-LDLpreparations used in
these experiments contained an average of 1.2 DTPA
groups per LDL. DTPA binds to LDL via lysine amino
groups, and has the potential to interfere with receptor
mediated binding of LDL (19). That portion of the
LDL preparation with an above-average number of
DTPA groups per LDL may not have been recognized
as strongly by the LDL receptors, and may have con
tributed to the reduced affinity observed for the whole
preparation for these receptors. Future experiments will
be performed with LDL that has been reacted with
lower concentrations of the cyclic anhydride of DTPA,
so as to result in a lower average number of DTPA
groups per molecule. This may result in a preparation
with a greater affinity for the specific receptor. Studies
with â€˜â€˜â€˜In-labeledanti-tumor antibodies labeled by a
similar method have shown that loss ofbiologic activity
is proportional to the number of DTPA groups bound
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FIGURE 3
Anteriorimagesoverthechestandab
domen of normal (A,B) and hypercho
lesterolemic(C,D) rabbits obtained at
15 mm(A,C)and 7 hr (B,D)after injec
tion of 111ln-LDL. The rate of blood pool
clearance(activity in heart) was faster
in normal rabbits than in hypercholes
terolemic rabbits. (Note that the liver
appeared bipartite in some of these
fastinganimals,due to displacementof
hepatic lobes by an enlargedgallblad
der,as seeninA and B.)
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demonstrated no significant contamination in our prep
aration. Furthermore, ultracentrifugation of the â€œIn
LDL preparation demonstrated that nearly all of the
radioactivity was bound to a product with the density
of native LDL.

The â€˜â€˜â€˜In-LDLpreparation was assayed for retention
of biologic activity in a fibroblast cell culture system.
The radiolabeled material was found to be able to
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FIGURE4
Liver/heartratiosdeterminedby scintigraphicimagingwith
computer acquisition. These data represent the mean Â±1 s.d.
of the ratios of background-subtracted counts per unit area
in liverand heart(hypercholesterolemicrabbits,n = 4; normal
rabbits, n = 3).
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111In-LDLl2sl@LDL*Organ

NormalHyperNormalHyperBlood

0.008Â±.003 0.009Â±.0010.0002 Â±.00020.0016 Â±.0008P-Aorta
0.010 Â±.003 0.025Â±.0070.0032 Â±.00050.01 00 Â±.0079M-Aorta
0.011 Â±.004 0.016 Â±.0030.0029 Â±.00090.0066 Â±.00490-Aorta
0.009 Â±.001 0.017 Â±.0010.0021 Â±.00090.0055 Â±.0032Lung
0.017 Â±.008 0.039 Â±.0200.0017 Â±.00060.0041 Â±.0029Liver
0.200Â±.021 0.113Â±.0370.0130 Â±.01370.0142 Â±.0164Spleen
0.598 Â±.075 0.481 Â±.1300.0026 Â±.00050.0094 Â±.0061Kidney
0.149Â±.022 0.167Â±.0470.0020 Â±.00100.0053 Â±.0032Adrenal
0.594Â±.067 0.085Â±.0180.01 67 Â±.00380.01 08 Â±.0034Muscle
0.005 Â±.002 0.004 Â±.0040.0003 Â±.00010.0007 Â±.0002Bone-C
0.006Â±.002 0.009Â±.0020.0002 Â±.00010.0004 Â±.0002Bone-M
0.129 Â±.034 0.389 Â±.1120.0006 Â±.00010.0038 Â±.0029lntest.-S
0.017 Â±.003 0.014 Â±.0090.0012 Â±.00050.0022 Â±.0009lntest.-L
0.010Â±.003 0.010Â±.0050.0009 Â±.00030.0021 Â±.0018.

Data expressed as mean Â± s.d. of % of injected dose/gtissue.Hypercholesterolemic

rabbits, n = 4; Normal rabbits, n =3.Abbreviations:
P-Aorta= proximalaorta;M-Aorta= md-aorta;D-Aorta= distalaorta;Bone-C= bonecortex; Bone-M =bonemarrow;

lntest.-S= smallintestine;andlntest.-L= largeintestine.

ship because of the downregulation of LDL receptors
in response to hypercholesterolemia (22,23). This dif
ference was not as great as that demonstrated for the
two groups ofrabbits using â€˜25I-LDL,however, and was
of borderline significance (p < 0.08). The results are
concordant with the fibroblast binding studies, which
indicated some loss of LDL receptor interaction by
â€ẫ€ẫ€˜In-LDL. In contrast, the biodistribution data mdi

cated that â€˜â€˜â€˜In-LDLbehaved very much like an un
modified LDL. Uptake in the adrenal gland of hyper
cholesterolemic rabbits was only 14% ofthat seen with
normal rabbits, while hepatic uptake of LDL was re
duced by 43% in the cholesterol-fed rabbits. Since the
adrenal gland has the highest concentration of LDL
receptors per gram of tissue (24), these results reflect
downregulation of these receptors, and suggest that
binding to specific receptors is an important component
of â€˜â€˜â€˜In-LDLuptake. Finally, whether by receptor or
nonreceptor pathways, increased uptake of â€˜â€˜â€˜In-LDL
in the atherosclerotic proximal aorta was demonstrated
in the cholesterol-fed rabbits.

Our biodistribution studies with â€˜â€˜â€˜In-LDLdemon
strate significantly higher levels of uptake in all tissues
in comparison with â€˜251-LDL.Similar results were re
ported by Valbabhajosula et al. (8) in their comparison
of 99mTcLDL uptake with that of â€˜25I-LDLand â€˜@â€˜I
tyramine ceilobiose-LDL. Radioiodinated tyrammne ce
bobiose-LDL has been demonstrated to act as an intra
cellularly trapped ligand (25), a radiotracer that is not
significantly released over the time course of the exper
iment and whose biodistribution reflects total uptake.
Vallabhajosula et al. (8) suggested that 99mTc..LDLalso
acts as an intracellularly trapped bigand. The levels of

PA LI SP KI AD
ORGAN

TABLE 1
Biodistribution of Radiolabeled-LDL in Normal and Hypercholesterolemic Rabbits

per molecule (20). However, for the purpose of imaging
atherosclerotic lesions, retention of specificity and high
affinity for LDL receptors may not be important. In
fact, it has been reported that LDL enters the vascular
subintimal space by nonspecific pathways (21). Conse
quently, we will study the imaging characteristics of
LDLpreparationswithan increasednumberof DTPA
groups per LDL as well as preparations with a decreased
number of DTPA groups.

The FCR values calculated from the disappearance
of â€˜â€˜â€˜In-LDLfrom the blood-pool compartment re
veaied a lower value for hypercholesterolemic rabbits
than for normal rabbits. This was the expected relation
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FIGURE5
Uptake of 111In-LDL(% of dose/g) in hypercholesterolemic
rabbittissuesdisplayedas % of uptake(% of dose/g)ob
served in the sametissues in normal rabbits. PA = proximal
aorta;LI= liver;SP = spleen;KI= kidney;andAD= adrenal.
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tissue accumulation of â€˜â€˜â€˜In-LDLthat we observed were
slightly lower than the bevels those authors reported for
99mTc.LDL but were still many times higher than those
with â€˜251-LDL.Our results with â€˜â€˜â€˜In-LDLare closer to
those reported for 99mTcLDL by Lees et al. (7). Their
studies with 99mTc@LDLand our studies with â€˜â€˜â€˜In-LDL
utilized human LDL, while Vallabhajosula et al. uti
lized rabbit LDL in their studies. This may partially
account for our slightly lower levels of uptake with
â€ẫ€ẫ€˜In-LDL. In addition, our biodistribution data were

obtained 6 days after injection, while the other studies
were performed at only 16 and 24 hr after injection. A
slow leakage from cells of radioiodinated tyramine cel
lobiose-LDL has been reported by Pittman et al. (25),
and a similar process may have occurred with â€œIn
LDL. Taking into account the different behavior of
human LDL and rabbit LDL, and the different time
periods involved, our data suggest that, like @mTc@LDL,
â€ẫ€ẫ€˜In-LDL behaves as an intracellubarly trapped ligand.

Our data demonstrate decreased uptake of â€˜â€˜â€˜In-LDL
in liver and adrenal of hypercholesterolemic rabbits as
compared to control animals, reflecting downregulation
of LDL receptors in the hypercholesterolemic animals.
The same phenomenon could not be demonstrated with
â€˜25I-LDL,probably as a result ofcatabolism and loss of
radiolabel during the six-day experiment. Retention of
a high level of radiotracer uptake represents one of the
advantages of labeling LDL with â€˜â€˜â€˜In,because rela
tively long experiments are necessary owing to the slow
plasma clearance of LDL.

Scintigraphic imaging was performed, which dem
onstrated that the rate of blood-pool clearance and
hepatic uptake of â€˜â€˜â€˜In-LDLcould be evaluated non
invasively by calculation of liver/heart activity ratios.
The rate of blood-pool clearance was higher in normal
rabbits than in hypercholesterolemic rabbits as expected
(22,23). The greatest accumulations of activity in the
images were noted in liver and spleen. Atherosclerotic
plaques were not visualized in these experiments in
which animals were injected with only 72 @tCiof â€œIn
LDL. However, even at this low level of activity, the
rate of blood-pool clearance and hepatic uptake could
be evaluated scintigraphically.

We have demonstrated that â€˜â€˜â€˜In-LDLis taken up
into the atherosclerotic aortas of hypercholesterolemic
rabbits and is retained at six days after injection, by
which time blood and background levels ofactivity had
reached low levels. Efforts to image atherosclerotic be
sions in human studies with 99mTc@LDL(10) have had
only limited success because the relatively long half-life
of LDL in the blood pool makes it difficult to image
LDL labeled with an isotope with a short half-life.
Indium-i 11, with a longer half-life, has a significant
theoretical advantage over 99mTc for imaging with ra
diolabeled-LDL. Our results in a rabbit model suggest
that â€˜â€˜â€˜In-LDLhas the potential to be a useful agent for

external imaging of atherosclerotic lesions and of lipo
protein biodistribution.

REFERENCES

1. Angelin B, Eriksson M, Andersson 0. Studies on human
macrophage lipoprotein uptake: relation to atherosclerosis.
Ada Med Scand(Suppl)1987;715:45â€”49.

2. DuncanLE JR. Buck K, Lynch A. Lipoproteinmovement
through canine aortic wall.Science 1963; 142:972â€”973.

3. Bretherton KN, Day AJ, Skinner SL. Effect of hypertension
on the entry of â€˜251-labeledlow density lipoprotein into the
aortic intima in normal-fed rabbits. Atherosclerosis 1976;
24:99â€”106.

4. Bratzler RL, Chisolm GM, Colton CK, Smith KA, Lees RS.
The distribution oflabeled low density lipoproteins across the
rabbitaortainvivo.Atherosclerosis1977;28:289â€”307.

5. Lees RS, Lees AM, Strauss HW. External imaging of human
atherosclerosis. J NucI Med 1983; 24:154â€”156.

6. Huettinger M, Corbett JR. Schneider Wi, Willerson iT,
Brown MS. Goldstein JL. Imaging of hepatic low density
lipoprotein receptors by radionuclide scintiscanning in vivo.
ProcNatlAcadSciUSA 1984;81:7599â€”7603.

7. Lees RS, Garabedian HD, Lees AM, et al. Technetium-99m
low density lipoproteins: preparation and biodistribution. J
NuclMed 1985;26:1056â€”1062.

8. Vallabhajosula S, Paidi M, Badimon ii, et al. Radiotracers
for low density lipoprotein biodistribution studies in vivo:
technetium-99m low density lipoprotein versus radioiodi
nated lowdensity lipoprotein preparations. J NuclMed 1988;
29:1237â€”1245.

9. Langer1, Strober W, LevyRI. The metabolismoflow density
lipoproteins in familial type II hyperlipoproteinemia. J Clin
Invest1972;51:1528â€”1536.

10. Lees AM, Lees RS, Schoen FJ, et al. Imaging human athero
sclerosis with 99mTc@labeledlow density lipoproteins. Arterio
sclerosis1988;8:461â€”470.

11. Hnatowich Di, Childs RL, Lanteigne D, Najafi A. The prep
aration of DTPA-coupled antibodies radiolabeled with me
tallic radionuclides: an improved method. J Immun Methods
1983;65:147â€”157.

12. Layne WW, Hnatowich Di, Doherty PW. Evaluation of the
viability of â€˜â€˜â€˜In-DTPA-coupledfibrinogen. J NuclMed 1982;
23:627â€”630.

13. Hnatowich Di, Virzi F, Doherty PW, Wilson J, Rosa J, Ansell
JE. Characterization of indium-i 11 labeled recombinant tis
sue plasminogen activator for the imaging of thrombi. Eur J
NuclMed 1987; 13:467â€”473.

14. Ginsberg HN, Le N-A,Gibson JC. Regulation ofthe produc
tion and catabolism of plasma low density lipoproteins in
hypertriglyceridemic subjects: effect of weight loss. J Clin
Invest 1985; 75:614â€”623.

15. Lowry OH, Rosebrough NJ, Farr AL, Randall Ri. Protein
measurement with the Folin phenol reagent. J Biol Chem
I951; 193:265â€”275.

16. McFarlaneAS.Efficienttrace labelingofproteins with iodine.
Nature 1958; 182:153.

17. Goldstein JL, Basu 5K, Brunschede GY, Brown MS. Release
of low density lipoprotein from its cell surface receptor by
sulfatedglycosaminoglycans.Cell 1976;7:85â€”95.

18. Mathews CME. The theory of tracer experiments with 31J..
labeled plasma proteins. Phys Med Biol 1957; 2:36â€”53.

19. Weisgraber KH, lnnerarity TL, Mahiey RW. Role of the
lysine residues ofplasma lipoproteins in high affinity binding
to cell surface receptors on human fibroblasts.J Biol Chem
1978;253:9053â€”9062.

111ln-IabeledLDL â€¢Rosen et al 349



20. Paik CH, Ebbert MA, Murphy PR, et al. Factors influencing
DTPA conjugation with antibodies by cyclic DTPA anhy
dride.JNuclMed 1983;24:1158â€”1163.

21. Wiklund 0, Carew TE, Steinberg D. Role of the low density
lipoprotein receptor in penetration oflow density lipoprotein
intorabbitaorticwall.Arteriosclerosis1985;5:135â€”141.

22. Kovanen PT, Brown MS, Basu SK, Bilheimer DW, Goldstein
JL. Saturationandsuppressionof hepaticlipoproteinrecep
tors: a mechanism for the hypercholesterolemia for choles
terol-fed rabbits. Proc Nail Acad Sci USA 1981; 78:1396â€”
1400.

23. Brown MS. Goldstein JL. Lipoprotein receptors in the liver.
Control signals for plasma cholesterol traffic. J Clin Invest
1983; 72:743â€”747.

24. Kovanen PT, Basu SK, Goldstein JL, Brown MS. Low density
lipoprotein receptors in bovine adrenal cortex. II. Low density
lipoprotein binding to membranes prepared from fresh tissue.
Endocrinology 1979; 104:610â€”616.

25. Pittman RC, Carew TE, Glass CK, Green SR. Taylor CA,
Attic AD. A radioiodinated intracellularly trapped ligand for
determining the sites of plasma protein degradation in vivo.
Biochem J 1983; 212:791â€”800.

350 The Journal of Nuclear Medicineâ€¢Vol.31 â€¢No. 3 â€¢March 1990




