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Transgenic mice such as apolipoprotein E-deficient (apoE~/")
and low-density-lipoprotein receptor-deficient (LDLR~/~) mice
exhibit hypercholesterolemia and develop complex atheroscle-
rotic lesions similar to those seen in humans. Radiolabeled
annexin A5 has been successfully used to noninvasively image
experimental and clinical atherosclerotic disease. We evaluated
the feasibility of annexin A5 imaging in transgenic apoE~/~ and
LDLR~/~ mice with or without a cholesterol diet. Methods:
Thirty-three mice (mean age, 62 + 0.9 wk old) were used. Of
these 33 mice, apoE~/~ mice with the cholesterol diet for 4 mo
(n = 5) and without the cholesterol diet (n = 8) and LDLR~/~
mice with the cholesterol diet for 6 mo (n = 7) and without the
cholesterol diet (n = 7) were compared with 6 normal wild-type
(C57BL/6) mice with the same genetic background. ®°mTc-
annexin A5 was injected in 31 animals for noninvasive imaging
using micro-SPECT/CT. After in vivo micro-SPECT/CT, aortas
were explanted to acquire ex vivo images and calculate the per-
centage injected dose per gram (%ID/g) annexin uptake, fol-
lowed by histologic and immunohistochemical characterization.
For the evaluation of precise target localization, biotinylated
annexin A5 was injected in the remaining 2 normally fed apoE~/~
mice. Results: Aortic lesions were clearly visualized noninvasively
by micro-SPECT and aorta calcification was detectable by micro-
CT. The quantitative uptake of annexin A5 was highest in the
cholesterol-fed apoE~/~ (0.88 + 0.27 %ID/g) mice, followed by
the normal chow-fed apoE '~ (0.60 = 0.16 %ID/g), the cholesterol-
fed LDLR~/~ (0.59 = 0.14 %ID/g), the chow-fed LDLR~/~ (0.40 =
0.31 %ID/g), and the control (0.15 = 0.05 %ID/g) mice. The his-
tologic extent of atherosclerosis paralleled radiotracer uptake,
and immunohistochemical studies revealed a significant correla-
tion between radiotracer uptake and both macrophage infiltration
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and the extent of apoptosis. Intravenously injected biotinylated
annexin A5 localized in apoptotic and nonapoptotic macrophages.
Conclusion: This study demonstrates the feasibility of noninvasive
imaging of atherosclerosis with radiolabeled annexin A5 in trans-
genic mouse models of human atherosclerosis.

Key Words: apoE~/~ mice; LDLR~/~ mice; cholesterol diet; ap-
optosis; 9°MTc-annexin A5
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Apolipoprotein E—deficient (apoE~/7) and low-density-
lipoprotein receptor—deficient (LDLR™/~) mice develop
extensive atherosclerosis in the aorta and large arteries
(1-3). Whereas both models are spontaneously hyper-
lipidemic and develop atherosclerotic lesions, apoE~/~
mice generally develop more extensive hypercholesterole-
mia and lesion formation with a high fat/cholesterol diet than
LDLR /= mice (4). The morphology, cellular composition,
and predilection sites of atherosclerotic lesions in these mice
have been well documented and reflect human atherosclero-
sis in many aspects (5—8). In view of the similarities of these
lesions with human disease, apoE™/~ and LDLR ™/~ mice
have been used extensively for the investigation of athero-
genic mechanisms and antiatherogenic intervention studies.
It is conceivable that development of a noninvasive imaging
strategy will allow convenient characterization and efficacy
of intervention in transgenic mice models.

Annexin A5 has been successfully used for noninvasive
imaging of atherosclerotic lesions in an experimental rabbit
model and preliminary studies of symptomatic carotid ath-
erosclerosis in patients undergoing carotid endarterectomy
(9,10). Annexin AS is a naturally occurring protein and has
a nanomolar affinity for binding to phosphatidylserine (PS),
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which is prominently expressed on the outer cell membrane
surface of the apoptotic cells (/1,712). Because apoptosis of
macrophages contributes to the vulnerability of plaques to
rupture (9), annexin uptake has been proposed to predict the
likelihood of acute vascular events.

In the present study, we evaluated the ability of *°™Tc-
annexin A5 to detect the presence, prevalence, and magni-
tude of atherosclerotic lesions in the aorta of transgenic
apoE~/~ and LDLR ~/~ mice, to characterize the effects of
a high fat/cholesterol diet on imaging parameters, and to
assess whether the radiotracer uptake correlates with the
presence of macrophages and apoptotic cells.

MATERIALS AND METHODS

Animal Models

Thirty-three mice were used in this study. Thirteen homozygous
apoE~/~ mice (hybrid with a C57BL/6 x 1290la background) and
14 homozygous LDLR /= mice (with a C57BL/6 x 129Sv
background) from colonies established from breeders provided
by The Jackson Laboratory were used. Six wild-type mice
(C57BL/6) with the same genetic background were also used as
control animals. The mean age of all mice was 62 = 0.9 wk old.
Animals were divided into 5 groups as follows: apoE ™/~ mice fed
with a normal mouse chow (n = 8); apoE~/~ mice fed with a diet
containing 0.15% cholesterol for 4 mo (n = 5); LDLR™/~ mice
fed with a normal mouse chow (n = 7); LDLR ~/~ fed mice with a
diet containing 0.15% cholesterol for 6 mo (n = 7); and control
mice with a normal chow (n = 6). The study protocol for imaging
and tissue harvesting was approved by the institutional animal re-
search and care committees at the University of California, Irvine,
and University of California, San Diego, CA, respectively. Of the
33 animals, 31 received **™Tc-annexin A5 for noninvasive imag-
ing of atherosclerotic lesions. In the remaining 2 apoE~/~ mice
without the cholesterol diet, biotinylated annexin A5 was admin-
istered for identification of the basis of annexin A5 uptake by
direct immunohistochemical staining.

Annexin A5 and Radiolabeling

Human recombinant annexin A5, expressed in Escherichia coli,
was derivatized with nicotinic acid analog hydrazinonicotinamide
(HYNIC; Anor Med) by gentle mixing. HYNIC is a bifunctional
molecule with an affinity for lysine residues of proteins on 1
moiety and for the conjugates of **™Tc on the other; the stable
complex formed by this molecule did not affect protein bioreac-
tivity (data not shown). To bind *°™Tc to the HYNIC-annexin A5
conjugate, a reduced tin (stannous ion) and tricine solution (20
rL; 200 pL of 20 mmol/L tricine and 40 png/mL Sn-2H,0) was
added to ?°™Tc-pertechnetate (100 wL) with an aliquot of HYNIC-
annexin A5 (100 pwL) under anoxic conditions. The final specific
radioactivity was 370-7,400 kBg/pg (10-200 nCi/pg) protein.
Thin-layer chromatography showed a radiopurity of approxi-
mately 90%-98%.

In Vivo and Ex Vivo Annexin A5 Imaging Protocols

For atherosclerosis imaging targeting apoptotic cells, **™Tc-
annexin A5 (175 = 18 MBq) was injected intravenously through
the dorsal tail vein and animals were anesthetized with 2.0%
isoflurane for imaging procedures. For CT enhancement, a con-
trast agent (0.4 mL, Fenestra; Alerion Biomedical Inc.) was also
injected through the jugular vein. Radionuclide imaging was
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performed 3 h after tracer injection using a dual-head micro-
SPECT +y-camera with micro-CT (X-SPECT; Gamma Medica,
Inc.). Micro-SPECT images of the aorta were acquired in 64 X 64
matrix, 32 stops at 120 s per stop on 140-keV photopeak of **™Tc
with 15% windows using a low-energy, high-resolution pinhole
collimator. The pinhole aperture size was 1 mm. Immediately after
SPECT acquisition, a micro-CT scan was acquired without having
to move the animals. The micro-CT used an x-ray tube operating
at 50 kVp and 0.6 mA. Images were captured for 2.5 s per view for
256 views in 360° rotation. The micro-CT images were transferred
to 256 x 256 matrix and micro-CT tomographic studies were
fused, allowing the achievement of simultaneous scintigraphic and
anatomic information in all tomographic scans in the 3 different
spatial axes. After in vivo imaging, animals were sacrificed as de-
tailed in the histology section, and aortas were carefully harvested
after perfusion fixation. Planar images of the ex vivo aorta were
acquired 5 h after tracer injection for 30 min in 128 X 128 matrix
using a low-energy, high-resolution, parallel-hole collimator. A
time-line diagram of the experimental protocol was shown in
Figure 1.

Aorta Preparation

Blood was collected by cardiac puncture at the time of death.
The animals were perfused through a puncture in the left ventricle
under physiologic pressure with cold phosphate-buffered saline
(PBS) and then with 4% paraformaldehyde in PBS, pH 7.4. The
entire length of the aorta was exposed and cleaned of adherent fat
and connective tissue before removal. After cutting aortas into
3 pieces, tissue samples were fixed overnight with 4% parafor-
maldehyde at 4°C. Thereafter, fixed tissue was stored in PBS/
0.02% sodium azide (NaNs) at 4°C until use.

Quantitative Uptake of 22mTc-Annexin A5 in
Atherosclerotic Lesions and Radiotracer Biodistribution

After ex vivo imaging, aortas were cut into 3 pieces (ascending
aorta and arch, thoracic aorta, abdominal aorta). For quantitative
uptake data, °**™Tc uptake in the slices of the aorta was determined
with y-scintillation counting (1480 Wizard 3"”; Wallac Co.) and ex-
pressed as the percentage injected dose per gram (%ID/g) aortic
tissue. Similar biodistribution studies for the blood, heart, lung,
spleen, and kidney were also undertaken and uptake was ex-
pressed as %ID/g.
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FIGURE 1. Schematic presentation of experimental protocol.

Three hours after annexin A5 injection, in vivo micro-SPECT
was acquired for approximately 1 h and, immediately after
SPECT acquisition, in vivo micro-CT was acquired for 15 min.
After the in vivo imaging study, animals were sacrificed and
aortas were explanted, and ex vivo planar imaging was
acquired for 30 min.
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Histologic and Immunohistochemical Evaluations of
Atherosclerotic Lesions

Each specimen was subdivided into 5 or 6 equidistant sections
and embedded in paraffin. Serial 5-pum-thick sections were cut and
mounted on adhered slides pretreated with vectabond reagent
(SP-1800; Vector). Deparaffinization was performed by heating
the sections for 25 min at 56°C. The tissue was then dehydrated
twice using a xylene bath and a graded series of ethanol. Tissue
sections were stained with hematoxylin and eosin and Movat’s
pentachrome stain. Histologic specimens were analyzed on the
basis of the classification scheme of the American Heart Associ-
ation (AHA) (13).

For immunohistochemical characterization of cellular compo-
nents of lesions in deparaffinized tissue sections, endogenous
peroxidase was blocked by treatment with 3% H,0O, in PBS for
5 min at room temperature. Nonspecific background staining was
blocked by a 1-h incubation in 3% bovine serum albumin with
0.3% Triton X-100 at room temperature. Macrophages were
detected with Mac-3 antibody (0.16 pg/mL, 550292; BD Bio-
sciences), and smooth muscle cells (SMCs) were stained with
antiactin antibody (0.25 wg/mL, MAB1420; R&D). Sections were
incubated with the primary antibodies overnight at 4°C and rinsed
3 times with PBS and 0.1% Triton X-100. The sections were then
incubated with biotinylated secondary antibody followed by in-
cubation with an ABC kit reagent (Vector) for 1 h each at room
temperature. Finally, after washing 3 times with PBS, the sections
were incubated for approximately 2—5 min with diaminobenzidine
(DAB) (Vector) for the color reaction product.

In situ cell death (apoptosis) was detected by terminal deoxy-
ribonucleotide transferase (TDT)-mediated nick-end labeling
(TUNEL) staining, using, a TACS (Trevigen) apoptosis detection
kit. Deparaffinized sections were treated with 3% H,0, in doubly
distilled water for 5 min to inactivate endogenous peroxidase. The
sections were rinsed with PBS and microwaved for 2 min in pre-
heated 0.01 mol/L citrate buffer using a 1.2-kW microwave oven
at power level 4. Then sections were digested with 20 pg/mL of
proteinase K in PBS for 15 min at room temperature. Exposed DNA
fragments were labeled with biotinylated nucleotides and TDT
overnight at 4°C. The incorporation of biotinylated nucleotides
into DNA was detected with a streptavidin-conjugated horseradish
peroxidase. A positive reaction was visualized with TACS blue la-
bel. Counterstaining with nuclear fast red was performed before
final analysis of apoptosis cells.

Histochemical staining was observed under an Axiovert-200 in-
verted microscope (Carl Zeiss) and images were acquired with a
Zeiss Axiocam high-resolution digital color camera (1,300 x 1,030
pixels) using Axiovision 3.1 software. Five to 8 images were
acquired for each animal. These digital images were analyzed us-
ing KS300 analysis program (Zeiss). The percentage immuno-
staining area (immunostaining area/total image area X 100) was
determined for all of the markers studied by averaging the
percentage field area of several images per section that cover most
or all of the region of study. Quantitative comparisons of the
percentage immunostaining area with %ID/g uptake of %°™Tc-
annexin A5 were performed on sections processed at the same time.

Direct Localization of Annexin A5 in ApoE~/~ Mice

In a separate experiment of 2 chow-fed apoE /= mice, annexin
A5 was localized in atherosclerotic plaques by histology. Bio-
tinylated annexin A5 (0.5 mg, Apoptest-Biotin; NeXins Research)
was injected intravenously. Thirty minutes after injection, the mice

ATHEROSCLEROSIS IMAGING IN MoOUSE MODELS ¢ Isobe et al.

were euthanized and perfusion-fixed with 4% N-2-hydroxyethyl-
piperazine-N-2-ethanesulfonic acid—buffered formalin. The major
arteries were carefully harvested and processed for paraffin
embedding.

For annexin AS5-biotin staining, serial sections (4 pm) were
deparaffinized in xylene and treated with 0.3% H,O, for 20 min to
inactivate endogenous peroxides. Arterial sections were then
incubated in a streptavidin-conjugated horseradish peroxidase over-
night at 4°C. Annexin A5 was visualized with the chromogenic
substrate DAB after enhancement with tyramide (catalyzed signal
amplification system; DAKO). The apoptotic cells in the annexin
uptake regions were identified with DNA fragmentation staining.
The kidney was used as a positive control, as the biodistribution of
annexin AS is highest in this organ, and positive labeling repre-
sents successfully injected animals.

Statistical Analysis

The ~-scintillation counts were calculated as %ID/g of tissues
or blood, and all data are presented as mean * SD. To determine
the statistical significance of differences between groups, 1-tailed
ANOVA followed by the Scheffe post hoc test for multiple com-
parisons was done; P < 0.05 was considered as statistically signif-
icant. The extent of macrophage infiltration, SMC prevalence, and
apoptotic cells were calculated as the percentage field area of
several images per section that covered most or all of the tissue
sections stained immunohistochemically. The data are also pre-
sented as mean * SD for all groups of animals and statistical
analyses were performed as described. The correlation between
the radiolabeled annexin AS uptake and the cellular composition
was calculated by linear regression analysis.

RESULTS

Noninvasive Detection of Aortic Atherosclerosis in
Transgenic Mice

In vivo micro-SPECT/micro-CT with **™Tc-annexin A5
allowed noninvasive visualization of atherosclerotic lesions
and the uptake was confirmed in the ex vivo imaging of the
harvested aorta. The lesions were best visible in the
aortic arch of apoE~/~ and LDLR ™/~ mice (Figs. 2 and
3, respectively). The most intense uptake was found in
cholesterol-fed apoE~/~ mice and chow-fed apoE~/~ mice.
LDLR™/~ mice receiving a normal mouse chow showed
minimal lesions, but those receiving a high-cholesterol diet
had lesions somewhat similar to those of normal apoE '~
mice (Figs. 2 and 3). No annexin A5 uptake was observed
in the control animals (Figs. 2A and 3A). Calcification in
the aortic arch was also seen by micro-CT, which occurred
in all cholesterol-fed apoE ~/~ mice, 4 of 6 (67%) chow-fed
apoE~/~ mice, and 4 of 7 (57%) cholesterol-fed LDLR ~/~
mice (Fig. 2C).

Quantitative °*™Tc-Annexin A5 Uptake

Quantitative *™Tc-annexin A5 uptake paralleled the ob-
servation on the in vivo and ex vivo imaging (Figs. 2 and 3).
The maximum uptake in the atherosclerotic lesions was
observed in cholesterol-fed apoE '~ (0.88 = 0.27 %ID/g)
mice, followed by chow-fed apoE~/~ (0.60 * 0.16 %ID/g)
mice, cholesterol-fed LDLR /= (0.59 *+ 0.14 %ID/g), and
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FIGURE 2. In vivo and ex vivo images of control mice (A) and apoE~/~ mice without cholesterol diet (B) and with cholesterol diet

(C). For all images, left panel represents transverse images, middle panel represents sagittal images, and right panel represents ex
vivo images (A-C). Top panel shows micro-CT, middle panel shows micro-SPECT, and bottom panel shows fusion images. (A) No
obvious annexin A5 uptake was seen on either in vivo or ex vivo images of control animals. (B) Distinct uptake was observed in the
arch on in vivo images and in the arch and abdominal aorta on ex vivo image. (C) Distinct uptake and calcification were observed in
the arch on the in vivo images; annexin uptake was seen in whole aorta on the ex vivo image. (D) Quantitative uptake was highest
in cholesterol-fed apoE~/~ mice, followed by chow-fed apoE~/~ and control mice in lesions at arch, thoracic, or abdominal level.

Ch = cholesterol fed.

chow-fed LDLR ™/~ (0.40 = 0.13 %ID/g) mice (Figs. 2D
and 3D). The maximum uptake was found in the aortic arch
in cholesterol-fed apoE~/~ mice. The uptake was higher and
lesions were more prominently observed in any aortic lesion
of apoE~/~ mice compared with LDLR ~/~ mice regardless
of diet type. The uptake in cholesterol-fed animals was
higher than chow-fed transgenic animals. The uptake was
only marginally increased in chow-fed LDLR ™/~ mice.
The highest uptake of *™Tc-annexin A5 was in the kidney
(104.7 = 20.7 %ID/g), followed by liver (8.45 = 2.46 %ID/g),
spleen (4.96 = 2.17 %ID/g), lung (2.36 = 1.37 %ID/g), and
heart (0.69 = 1.06 %ID/g) in all animals irrespective of diet or
genetic background. The annexin A5 uptake in blood was
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0.30 = 0.03 %ID/g, 0.32 = 0.09 %ID/g, 0.43 = 0.06 %ID/g,
047 = 0.07 %ID/g, and 0.55 = 0.07 %ID/g in control,
chow-fed LDLR™/~, cholesterol-fed LDLR~/~, chow-fed
apoE~/~, and cholesterol-fed apoE~/~ mice, respectively.

Histologic Characterization of Atherosclerotic Lesions

Atherosclerotic lesions, ranging from foam cell-rich
fatty streaks to fibrous plaques with large necrotic cores,
were obtained. The necrotic cores comprised extracellular
lipid, cholesterol clefts, and foam cells. Such plaques were
typically observed in the aortic neointima of cholesterol-fed
apoE~/~, chow-fed apoE~/~, and cholesterol-fed LDLR ~/~
mice (Fig. 4).
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FIGURE 3. In vivo and ex vivo images in control mice (A) and LDLR~/~ mice without cholesterol diet (B) and with cholesterol diet

(C). For all images, left panel represents transverse images, middle panel represents sagittal images, and right panel represents ex
vivo images (A-C). Top panel shows micro-CT, middle panel shows micro-SPECT, and bottom panel shows fusion images. (A) No
obvious annexin A5 uptake was seen on either in vivo or ex vivo images of control animals. (B) Significant uptake was observed in
the arch on in vivo images and in the arch and abdominal aorta on ex vivo image. (C) Distinct uptake was observed in the arch on in
vivo images and distinct uptake was seen in whole aorta on ex vivo image. However, uptake in any area was lower compared with
that of apoE~/~ mice. (D) Quantitative uptake was highest in cholesterol-fed LDLR~/~ mice, followed by chow-fed LDLR~/~ and

control mice in lesions at arch, thoracic, or abdominal level. Ch = cholesterol fed.

The atherosclerotic plaques were smallest in chow-fed
LDLR ~/~ mice. In contrast, the lesion severity was signif-
icantly increased in cholesterol-fed LDLR /= and apoE '~
mice (Fig. 4A). Lesions were not significantly different in
apoE~/~ mice with or without the cholesterol diet. Stan-
dard lesions in these animals were described as AHA
types I-III, type IV, type V, and type V in chow-fed
LDLR /~, cholesterol-fed LDLR/~, chow-fed apoE '~
and cholesterol-fed apoE ~/~ mice, respectively. The mean
annexin AS uptake was significantly higher in aortic seg-
ments with AHA type V lesion (0.72 = 0.12 %ID/g) than
type IV (0.56 = 0.16 %ID/g, P < 0.05) or type III (0.35 =
0.07 %ID/g, P < 0.005).

ATHEROSCLEROSIS IMAGING IN MOUSE MoDELS ¢ Isobe et al.

Immunohistochemical staining confirmed the lesions to
be rich in macrophage-derived foam cells, in some SMCs,
and in a variable extent of macrophage apoptosis (Figs. 4B—
4D). Macrophage infiltration was measured by Mac-3
surface antigens (Fig. 4B). Mac-3—positive cells were seen
in significantly larger number in cholesterol-fed LDLR =/~
(0.41% = 0.25%) mice than chow-fed LDLR ™/~ (0.068% =
0.011%) mice (P < 0.01) (Fig. 5A). On the other hand,
macrophage contents were only marginally different in
cholesterol-fed (0.52% = 0.32%) mice versus chow-fed
apoE™’~ (0.42% = 0.19%) mice (P = 0.59) (Fig. 5A).
SMC:s in the plaques were detected by a-actin (Fig. 4C).
SMCs prevalence was significantly lower in neointima as
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lence of SMC, detected by a-actin, was significantly lower compared with macrophages. «-Actin-positive cells were
predominantly located in fibrous caps and were relatively more commonly observed in cholesterol- and chow-fed apoE~/~
mice than in cholesterol- or chow-fed LDLR~/~ mice. (D) TUNEL-positive nuclei in core region were more frequently observed in
apoE~/~ mice than in LDLR~/~ mice and more so in cholesterol-fed animals (arrows). TUNEL-positive nuclei were not detected in

chow-fed LDLR~/~ mice. Ch = cholesterol fed.

compared with macrophages (Figs. 4B and 4C). No signif-
icant difference was seen in a-actin—positive cells observed
in the fibrous cap of the plaques among the 4 transgenic
animals (Figs. 4C and 5A). TUNEL staining was performed
for the detection of apoptosis. Most apoptosis was found in
the core region. The TUNEL-positive nuclei were more
frequently observed in apoE~/~ mice than in LDLR/~
mice, and more so in cholesterol-fed mice than in chow-fed
mice (Fig. 4D).

Significant correlations were observed between the per-
centage field area and %ID/g of °°™Tc-annexin A5. An

excellent correlation of annexin uptake was evident with
the percentage field area of Mac-3 antibody or TUNEL
staining (r = 0.77, P < 0.0001; r = 0.89, P < 0.0001,
respectively) (Figs. 5C and 5D).

Direct Localization of Annexin A5 Uptake

The target for annexin A5 in atherosclerotic lesions was
identified by administration of biotinylated annexin A5 in 2
chow-fed apoE™/~ mice (Fig. 6). Thirty minutes after ad-
ministration, the bulk of circulating annexin AS5-biotin
(Fig. 6B) was found to localize with macrophage-rich areas
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of annexin A5 uptake is evident with
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FIGURE 6. Localization of annexin A5 spontaneous athero-
sclerotic lesions. Biotinylated annexin A5 was injected intrave-
nously into apoE~/~ mice and traced histochemically in arterial
wall. (A) Advanced atherosclerotic lesion in femoral artery
(Movat’s pentachrome, x100). Area outlined by black box in A is
magnified in B-D. (B) Annexin uptake (black arrowhead,
apoptotic; black arrows, nonapoptotic) was localized in mac-
rophages identified by Mac-3 antibody staining as shown in C
(x400). Inset in B shows that some nuclei were apoptotic (black
reaction product, pink arrows) and localized in same area
(x1,000, blue-green nuclear counterstain; interference contrast
microscopy). (D) Annexin A5 uptake was not associated with
SMCs.

of the plaque in apoE~/~ mice (Fig. 6C). A large number of
cells showing annexin A5 uptake was found to be positive for
apoptosis, as confirmed by the DNA fragmentation study
(Fig. 6B, inset). Annexin uptake occurred in both apoptotic
cells (black arrowhead) and nonapoptotic cells (black arrows)
in macrophage-rich regions (Fig. 6B). Kidney sections from
apoE~/~ mice injection with annexin AS5-biotin showed
extensive staining in cortical regions (data not shown in Fig. 6).

DISCUSSION

The present study demonstrates the feasibility of nonin-
vasive detection of atherosclerotic lesions with coregistered
micro-CT/micro-SPECT with *™Tc-annexin A5 in differ-
ent murine models of atherosclerosis. Histologic measures
of macrophage content and apoptosis correlated well with
99mTc-annexin A5 uptake. These data suggest that it may
be feasible to longitudinally image atherosclerosis, to as-
certain its natural history through noninvasive methods, and
to perform intervention experiments in mouse models of hu-
man atherosclerosis.

Target for Annexin Imaging in Atherosclerotic Mouse
Model

It is well established that annexin A5 binds to apoptotic
cells with nanomolar affinity (/7). Such cells express
abundant PS on the cell membrane (/0). Because apoptosis
is strongly correlated with the vulnerability of plaque to
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rupture (/4), annexin A5 imaging has been considered to be
a surrogate for identification of unstable atherosclerotic
lesions. The cell types undergoing apoptosis in the vessel
wall are endothelial cells (/5), vascular SMCs (/6), in-
flammatory cells such as macrophages (/4,17), and adven-
titial fibrosis (/8). Apoptosis in vulnerable plaques is
localized to inflammatory cells in the fibrous cap, deep in-
tima, and shoulder regions; a fair degree of apoptosis is also
found in macrophages surrounding the lipid core (/7). It
has been proposed that macrophage cell death may promote
plaque instability by contributing to the size of the necrotic
core (17). On the other hand, apoptosis of vascular SMCs
within the fibrous cap may represent a chronic process lead-
ing to fibrous cap thinning (/9). Extensive apoptosis of
macrophages at the site of plaque rupture has been sug-
gested to play a role in acute coronary events (/4).

Noninvasive recognition of apoptotic cells has become
possible by targeting of abnormal expression of PS on the
cell membrane with the help of annexin AS. In previous rab-
bit and human studies, the binding of radiolabeled annexin
A5 was increased in areas of atherosclerotic plaque and
was predominantly localized to macrophages (9,20). These
results are in concordance with our observation in apoE '~
and LDLR '~ mice. However, in the present study, radio-
labeled tracer uptake was also seen in nonapoptotic macro-
phages. As inflammation constitutes the most important
substrate for plaque vulnerability, annexin A5 imaging
should be of immense value in the detection of unstable
lesions. In clinical scenarios, PS is also expressed by
crenating red blood cells in the regions of intraplaque hem-
orrhage that have also been proposed as the harbinger of
plaque rupture (27). Therefore, molecular nuclear imaging
may allow targeting of pathophysiologic process within the
plaque critical to lesion instability.

Rosenfeld et al. reported that atherosclerotic lesions are
distributed throughout the arterial tree of apoE/~ mice
between ages of 24 and 60 wk (22). The innominate artery
exhibits a highly consistent rate of lesion progression and
develops vascular narrowing characterized by atrophic media
and perivascular inflammation. The hyperlipidemic animals
particularly demonstrate characteristics of advanced lesions
in the innominate artery (22). Our results revealing max-
imal annexin A5 uptake in the aortic arch support the re-
sults of Rosenfeld et al. However, we used slightly older
mice (mean age, 62 * 0.9 wk old).

In a previous study using radiolabeled oxidation-specific
antibody (oxidation-specific antibody to malondialdehyde-
LDL [MDAZ2]) in LDLR™/~ mice, enhanced '2’I-MDA?2
uptake correlated well with increased oxidized LDL
(OxLDL) and macrophage immunostaining, suggesting
plaque instability (23). In mice for which the high fat/
cholesterol diet was withdrawn and replaced with normal
mouse chow or chow supplemented with antioxidants, there
was significant reduction in the '>I-MDA?2 uptake, which
was correlated with significant reduction in the macrophage
content and OxLDL, detected by immunostaining with
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several murine and human OxLDL antibodies. Interest-
ingly, in these areas of reduced '>’I-MDAZ2 uptake, there
was also increased SMC and collagen content, suggesting
that the uptake of '>I-MDA2 reflected the development of
plaque stabilization. This finding suggests that noninvasive
imaging approaches may ultimately quantify and detect
the presence of plaque stability or instability. Our results in
the present study, which demonstrated that increased
99mTc-annexin A5 uptake was seen in plaques rich in
macrophages and with a paucity of SMCs, are in accord
with the previous results. Future studies can now be
designed to longitudinally assess the regression of athero-
sclerosis in the same group of animals with noninvasive
imaging models, such as with annexin AS.

Difference in 22™Tc-Annexin A5 Uptake in ApoE~/~ and
LDLR~/~ Mice With or Without Cholesterol Diet

In our results, the %ID/g °™Tc-annexin A5 uptake was
higher in apoE~/~ mice than in LDLR ~/~ mice regardless
of diet. An earlier study had reported that the apoE ~/~ mice
on a normal chow diet had much more profound hyper-
cholesterolemia compared with the LDLR ™/~ mice (24). In
addition, the animals exhibit quantitative and qualitative
differences in plasma cholesterol levels. In the apoE '~
mice, cholesterol accumulated primarily in large lipoprotein
particles, primarily in intermediate-density lipoproteins, but
also in very-low-density lipoproteins and chylomicron
remnants (Z,2). In contrast, the LDLR ™/~ mice had a much
more selective elevation in LDL (3,8). We did not measure
the plasma levels of cholesterol in this study.

In the present study, the %ID/g °°™Tc-annexin uptake
was higher in cholesterol-fed transgenic mice compared
with chow-fed mice. As previously reported, an abundant
cell-poor, lipid-rich core developed in the atherosclerotic
lesions of cholesterol-fed animals (25). The core was char-
acterized by extracellular lipid deposition, cholesterol crys-
tal, and cell death and was situated in the deep layer of the
plaque. In experimental studies using hyperlipidemic mice,
apoptosis was also observed in the advanced vascular
lesions of APOE*3-Leiden transgenic mice (26) and the
aortas of hyperlipidemic apoE™/~- and LDLR ~/~-deficient
mice (27). Apoptosis was involved in the active turnover of
foam cells of both macrophage and SMC lineage, even in
the early atherosclerotic lesions of transgenic mice. How-
ever, the effects of additional cholesterol on atherosclerotic
lesions remain to be investigated. Our results, which dem-
onstrated that additional cholesterol diet for hyperlipidemic
transgenic mice increases the presence and extent of apo-
ptosis, may provide an important standpoint with regard to
plaque stabilization rather than plaque regression for ad-
vanced atherosclerotic lesions.

CONCLUSION

Our study demonstrates the feasibility of noninvasive
detection of the presence and extent of atherosclerosis in
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transgenic mice with radiolabeled annexin AS. This imag-
ing approach in these mouse models will allow opportuni-
ties to noninvasively characterize the pathogenesis of
atherosclerosis and the impact of therapeutic interventions.
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