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99mTc-Annexin-V (ANX), which allows in vivo detection of apop-
totic cells, is potentially a promising noninvasive tool to diag-
nose myocarditis. To test this assumption, we compared the
myocardial uptake of ANX (imaging and quantitative autora-
diography) in experimental subacute myocarditis (Wistar Bonn/
Kobori rats [WBN/Kob]) and in normal Wistar rats. WBN/Kob is
an inbred strain of Wistar rat in which myocardial injury mim-
icking subacute catecholamine-induced myocarditis spontane-
ously develops (course duration, 18 mo). The apoptotic myo-
cardial rates were determined by immunohistochemical studies.
Methods: Fourteen WBN/Kob rats (8–10 mo old) and 12 control
rats were injected with ANX (7.4 MBq/100 g). Ten-minute ante-
rior planar thoracic images (matrix, 128 � 128) were obtained
using a pinhole collimator, 1 and 4 h after injection. Heart-to-
lung activity ratios were calculated on the scintigrams. Four
hours after ANX injection, quantitative autoradiography of myo-
cardial slices was performed, as well as histologic studies with
hematoxylin–eosin and with a staining assay specific for apo-
ptotic cells. Results: Heart-to-lung activity ratios were higher in
WBN/Kob rats than in control rats on 4-h images (2.07 � 0.07
vs. 1.66 � 0.06, P � 0.0007). Autoradiographic studies showed
moderate diffuse, homogeneous myocardial ANX uptake signif-
icantly higher in WBN/Kob rats than in control rats: 54 � 4
versus 37 � 3 counts/mm2 (P � 0.007). The apoptotic rate,
evaluated with an apoptotic cell–staining assay, was 0.51% �
0.14% of cells in WBN/Kob rats versus 0.0042% � 0.0008% in
control rats (P � 0.008). Conclusion: Compared with control
rats, rats with subacute myocarditis mimicking catecholamine-
induced myocarditis showed increased ANX myocardial uptake.
This suggests a potential role for ANX imaging in the diagnosis
of myocarditis.
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Today, much attention is paid to the diagnosis and treat-
ment of myocarditis, since clinical and experimental argu-
ments suggest an affiliation between inflammatory cardiac
disease and dilated cardiomyopathy (1–4). Deleterious im-
mune phenomena identical to those found in idiopathic
dilated cardiomyopathy persist for many weeks after the
virus has disappeared in myocarditis (5). The long-term
outcome for patients with myocarditis may be as poor as for
patients with idiopathic dilated cardiomyopathy (6,7); re-
cent research has focused on clinical or biologic (anticardiac
autoantibodies) prognostic factors (7,8). The diagnosis of
myocarditis is particularly difficult. Clinical presentation is
highly polymorphic (heart failure, chest pain sometimes
mimicking myocardial infarction, arrhythmias, syncope due
to auriculoventricular block), and the electrocardiographic,
biologic (serum cardiac enzyme elevation), and echocardio-
graphic data are not specific (4). The positive diagnosis of
myocarditis is based on histologic Dallas criteria: associa-
tion of inflammatory infiltration and myocyte necrosis (9).
However, endomyocardial biopsy is invasive, induces sig-
nificant cardiovascular risk, and is insensitive because of
sampling error related to the patchy distribution of the
disease and high interobserver variability in histologic anal-
ysis (10%–22% sensitivity according to Mason and Dec)
(10–13). Immunohistologic techniques are more sensitive
(14) but are still invasive and not performed in clinical
practice.111In-Antimyosin antibodies, specific for cardiac
myocyte necrosis, were shown to be accurate for noninva-
sive scintigraphic diagnosis of acute or subacute myocardi-
tis (14–18) but are no longer available for clinical use.
Therefore, there is a need for noninvasive tools to diagnose
myocarditis.

Besides necrosis, apoptosis (programmed cell death) is
also an active mechanism of cell death in several cardiac
diseases, including myocarditis (19). Annexin-V (ANX), a
32-kDa endogenous human protein, has a highly reversible,
strictly calcium-dependent, nanomolecular affinity for the
membrane phosphatidylserine (20). With the onset of apo-
ptosis, early after caspase-3 activation, phosphatidylserine
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at the inner leaflet of the plasmic membrane is rapidly
redistributed onto the cell surface. Therefore, ANX is a
sensitive marker of the early to intermediate phases of
apoptosis in vitro (fluorescent fluorescein isothiocyanate
ANX) and in vivo (radiolabeled 99mTc-ANX) (21,22). In
animal models of liver, lung, and heart transplant rejection,
the presence and the degree of 99mTc-ANX uptake were
shown to correlate with histology and terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) staining (which detects apoptotic-related frag-
mentation of DNA) (21). 99mTc-ANX could be a reliable
noninvasive tool to diagnose myocarditis (22–24).

To test this assumption, we compared myocardial uptake
of radiolabeled 99mTc-ANX in an inbred strain of Wistar rats
with subacute myocarditis (Wistar Bonn/Kobori [WBN/
Kob]) and in normal Wistar rats, using scintigraphic imag-
ing and quantitative autoradiography (25). Myocardial ap-
optotic rates were determined by immunohistologic studies.

MATERIALS AND METHODS

Animals
Male WBN/Kob rats (Japan SLC Inc.) weighing 343–427 g

(mean, 367 � 31 g) and normal male Wistar rats weighing 315–
550 g (mean, 449 � 86 g) (Janvier) were used for this study. The
animals were housed and treated in accordance with institutional
guidelines for animals.

WBN/Kob is an inbred strain of Wistar rat that was initially
developed as a model of adenomatous changes and adenocarcinoma
of the glandular stomach. Diabetes and progressive myocardial
injury mimicking catecholamine-induced subacute myocarditis
spontaneously develop in the male WBN/Kob rat. Histopatholog-
ically, this disease evolves from spotty areas of myocardial necro-
sis at the age of 3 mo to mixed inflammation and necrosis between
5 and 12 mo and then replacement fibrosis between 12 and 18 mo
(25).

Fourteen WBN/Kob rats (5 aged 8 mo, 9 aged 10 mo) and 12
control Wistar rats underwent 99mTc-ANX scintigraphic imaging
and then were killed for autoradiographic and immunohistologic
studies.

99mTc-ANX Scintigraphy
Radiolabeled 99mTc-ANX was obtained by adding 370 MBq of

freshly eluted 99mTc in 0.5 mL of volume to supplied sterile vials

containing lyophilized 2-iminothiolane–modified ANX and stan-
nous tartrate (Mallinckrodt). Care was taken to avoid air contact
with the preparation. After incubation for 20 min at room temper-
ature, the preparation was diluted in sterile saline, and quality
control was performed using Whatman No. 1 paper chromatogra-
phy (Whatman International) with butanone as the eluent and
Sep-Pak (Waters Corp.) chromatography. The radiochemical pu-
rity was always �96% using the 2 techniques.

During ANX injection and scintigraphic imaging, the rats were
anesthetized with 1.0% isoflurane (Abbot) in oxygen, using a
small-animal anesthesia device. ANX (7.4 MBq/100 g; Mallinck-
rodt) was injected into the rats through the penis vein within 1 h of
radiolabeling. Anterior thoracic and whole-body static images
(preset time of 10 min) were obtained 1 and 4 h after injection,
using a single-head �-camera (Gammatome II; General Electric
Medical Systems) equipped with a pinhole collimator. The energy
window was centered at 140 keV with a window width of 20%,
and the matrix was 128 � 128. Late 24-h images (preset time of
20 min) were also obtained for a subgroup of animals (5 WBN/
Kob rats, 5 control rats).

On each anterior scintigram, regions of interest were drawn over
the myocardial area and the lungs (Fig. 1). Mean activity (cpm) per
pixel was determined for each region of interest. Heart-to-lung
activity ratios (HLR) were then calculated.

Autoradiographic Studies
Autoradiographic studies were performed after completion of

the 4-h imaging (9 WBN/Kob rats, 7 control rats). The animals
were killed, and the hearts were frozen to �30°C and cut with a
cryostat into 20-�m-thick sections perpendicular to the short axis
of the ventricle. Heart sections were exposed for 22 h in a radio-
imager (Instant Imager; Packard Instrument Co.) for quantitative
autoradiography. According to calibration studies performed as
previously reported with activity standards of tissue-equivalent
homogenates, 50 counts/mm2 of 99mTc-ANX approximated 210
kBq/mg in autoradiography (26).

Histopathology
Heart sections were fixed in acetone (�20°C) and stained with

hematoxylin–eosin. The tissue preparations were examined for
degree of interstitial edema, myocyte necrosis, and infiltration of
inflammatory cells.

Apoptotic Cell–Specific Staining Assay
The Apostain assay (Alexis Corp.) was used to stain apoptotic

cells on myocardial sections. This method is regarded as more

FIGURE 1. Scintigrams and autoradio-
graphic images obtained with ANX in a
WBN/Kob rat (A) and a control rat (B) 4 h
after 99mTc-ANX injection. Greater tracer
activity is seen in the cardiac area of the
WBN/Kob rat than in the control rat on
planar anterior views, corresponding to in-
creased diffuse myocardial uptake on the
autoradiogram of transaxial cardiac sec-
tions.

1082 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 45 • No. 6 • June 2004



specific than the TUNEL method (27). Staining with the Apostain
kit was performed according to the manufacturer’s instructions.
Frozen heart sections were fixed in cold 4% paraformaldehyde–
phosphate-buffered saline (PBS) for 10 min, rinsed in PBS, treated
with methanol:PBS (6:1) for 30 min at room temperature, and air
dried. Dried sections on slides were treated in a solution of
proteinase K for 20 min at room temperature and heated in form-
amide (56°C–60°C) for 20 min. After heating, the slides were
transferred into ice-cold PBS, treated with 3% hydrogen peroxide
for 5 min, blocked in 3% nonfat dry milk, and stained with
monoclonal antibody F7-26 (PBS, 10 �g/mL, containing 5% fetal
serum bovine) and peroxidase-conjugated antimouse IgM (1:100
in PBS). Diaminobenzidine was used as a chromogen and Hill’s
hematoxylin as a counterstain. The percentage of Apostain-posi-
tive cells and the number of Apostain-positive cells per square
millimeter of myocardial section were estimated by light micros-
copy at 400-fold magnification. Any nuclei that were ambiguous
were not counted. Round, homogeneous, dark dots (considered to
be artifacts) and stained cell debris were carefully eliminated from
counting. Brownish nucleuslike deposits, considered to be forma-
lin crystals, were not counted. A minimum of 10,000 cells was
counted for each animal.

CD4 and CD8 Immunoassay
To confirm inflammation, staining with mouse antirat cluster

designation 4 (CD4) and antirat cluster designation 8 (CD8) mono-
clonal antibodies (BD Pharmingen) on acetone-fixed frozen heart
sections was also performed, according to the manufacturer’s
instructions.

Statistical Analysis
Data are expressed as mean � SEM. Groups were compared

using the unpaired t test. The level of significance was set at P �
0.05.

RESULTS

On all scintigrams, nonspecific ANX activity was ob-
served in the liver and the kidneys, in agreement with
previous biodistribution studies (20). On the scintigrams
obtained 1 h after injection, significant blood-pool activity
in the cardiac cavities was observed in all animals; the
HLRs were comparable in WBN/Kob and control rats:
2.59 � 0.19 versus 2.42 � 0.28 (not statistically signifi-
cant). On the scintigrams obtained 4 h after injection, the
blood-pool activity decreased, allowing visualization of car-
diac ANX activity higher in WBN/Kob rats than in control
rats, with HLRs significantly higher than in control rats:
2.07 � 0.07 versus 1.66 � 0.06 (P � 0.0007) (Figs. 1 and

2). Thirteen of 14 WBN/Kob rats had an HLR superior to
1.8, whereas 9 of 11 control rats had an HLR inferior to 1.8.
Late, 24-h, images obtained for 5 WBN/Kob rats and 5
control rats were not interpretable because of low quality
(low counting rates).

Autoradiographic studies showed diffuse, homogeneous
myocardial ANX uptake significantly higher in WBN/Kob
rats than in control rats: 54 � 4 counts/mm2 versus 37 � 3
counts/mm2 (P � 0.007) (Figs. 1 and 2).

Histopathologic analyses with hematoxylin–eosin stain-
ing in WBN/Kob rats demonstrated patchy areas of inter-
stitial edema with inflammatory cells in the perivascular
areas and at cardiocyte layers, and myocyte necrosis with
nuclear extrusion, scattered throughout the myocardium
(Fig. 3A). Staining with anti-CD4 and anti-CD8 monoclonal
antibodies was negative in control rats and positive in
WBN/Kob rats, as seen in Figure 3B. No positive staining
of myocardial nuclei was observed with Apostain in control
rats. Positively stained cell nuclei were found in all WBN/
Kob rats and were diffusely distributed throughout the myo-
cardium, with homogeneous or heterogeneous density (Fig.
3A). Apostain-positive cells were usually myocytes and
occasionally inflammatory cells. The mean percentage of
Apostain-positive cells was 0.506% � 0.140% in WBN/
Kob rats, versus 0.0042% � 0.0008% in control rats (P �
0.008) (Fig. 2). The mean number of Apostain-positive cells
per square millimeter of myocardial section was 16 � 8 in
WBN/Kob rats, versus 0.16 � 0.08 in control rats (P �
0.008).

DISCUSSION

In this preclinical study, we observed homogeneous myo-
cardial ANX uptake, which was greater in rats with pro-
gressive myocardial injury mimicking subacute catechol-
amine-induced myocarditis than in control rats, on both in
vivo scintigraphic images and ex vivo heart quantitative
autoradiographs.

WBN/Kob rats provide a model of hereditary catechol-
amine-induced myocarditis that develops progressively be-
tween 3 and 18 mo of age (25). At 1 mo of age, electrocar-
diographic abnormalities appear, including a significantly
larger QRS complex amplitude, a smaller T-wave ampli-
tude, a longer QRS duration, and a longer QT interval, as
well as hypersensitivity to the chronotropic effect of iso-

FIGURE 2. Comparative histograms of
WBN/Kob and control rats: HLR on 4-h
scintigrams (A), ANX uptake on myocardial
autoradiograms (B), and percentage of
Apostain-positive myocardial cells on
5-�m myocardial sections (C). The error
bars represent SEM.
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proterenol, a potent 	-adrenergic agonist (28). Histopatho-
logically, spotty necrosis of cardiac myocytes appears at the
age of 3 mo. After the age of 5 mo, the area of necrosis
increases in association with infiltration of inflammatory
cells, as we observed with hematoxylin–eosin and anti-
CD4/anti-CD8 immunohistologic studies. Myocardial dam-
age progresses very slowly. Replacement fibrosis develops
at 12 mo of age. At the age of 18 mo, massive fibrosis is
observed in the middle and inner layers of the ventricle (25).

The other available animal models of myocarditis are
pharmacologic (isoproterenol) or autoimmune myocarditis
in rats and coxsackievirus myocarditis in mice (29,30). All
these models are of acute, severe, diffuse myocarditis,
which is not likely to be representative of all episodes of
clinical myocarditis. Most patients with acute myocarditis
have a clinically inapparent course or minimal extent of
myocardial injury, with only temporary electrocardio-
graphic changes or only segmental ventricular wall motion
abnormalities. Also, after the acute phase, myocarditis can
evolve to a subacute active phase clinically silent until

global left ventricular function is sufficiently affected to
induce symptoms not distinguishable from those of dilated
cardiomyopathy. Therefore, we chose the WBN/Kob model
of subacute myocarditis to evaluate the sensitivity of ANX
for detecting mild myocardial disease.

99mTc-ANX allows in vivo detection of phosphatidylser-
ine translocated at the cell surface during the apoptotic
process (23). Phosphatidylserine represents 10%–15% of
the total phospholipid content of plasma cell membrane and
is normally restricted to the inner leaflet of the plasma
membrane lipid bilayer by an adenosine triphosphate–de-
pendent translocase. With the onset of apoptosis, early after
caspase-3 activation, phosphatidylserine is rapidly redistrib-
uted onto the cell surface. The number of ANX binding sites
per cell with the onset of apoptosis increases 100- to 1,000-
fold, reaching values of 3–4 million in some cell lines.
Phosphatidylserine exposure on the cell surface occurs be-
fore nuclear chromatin condensation (detected by Apostain)
and DNA fragmentation (detected by the TUNEL method)
(27,31). Many previous animal studies found early detection
of induced cellular apoptosis with ANX: Fas ligand–medi-
ated hepatic apoptosis in mice; cyclophosphamide-induced
bone marrow or B-cell lymphoma apoptosis in mice; heart,
lung, or hepatic transplant rejection in rats; and brain and
myocardial ischemia reperfusion in rats (22,23,32–34). De-
tection of cardiac myocyte apoptosis was also reported with
ANX in patients with cardiac allograft rejection (35). In all
cases, the presence and degree of 99mTc-ANX uptake cor-
related with histology and TUNEL staining (which detects
apoptotic-related fragmentation of DNA) (21). Increased
ANX uptake was demonstrated 2 h after coronary reperfu-
sion (primary transluminal coronary angioplasty) in patients
with acute myocardial infarction (36). Besides detecting
apoptosis, ANX may also detect recent necrosis, because
membrane disruption in necrotic cells may allow ANX to
reach phosphatidylserine located at the inner leaflet (37–
39). The potential of ANX to detect both apoptosis and
recent necrosis could indeed be advantageous for the diag-
nosis of myocarditis, which comprises both apoptotic and
necrosed myocytes (9,19,24).

The gold-standard method (Apostain) we used to quantify
apoptosis involves a formamide-based DNA denaturation
protocol combined with detection of denatured DNA by a
monoclonal antibody (F7-26) against single-strand DNA
(27). Heating of tissue sections in the presence of form-
amide induces selective DNA denaturation in apoptotic but
not in necrotic cells. Denatured DNA in the condensed
chromatin of the apoptotic nuclei is then detected with
monoclonal antibody F7-26, which specifically reacts with
deoxycytidine and requires for its binding single-strand
DNA of at least 25–30 bases in length. For detecting apop-
totic cells, this method is regarded as more specific than the
TUNEL method (27). We found 0.506% � 0.140% of
Apostain-positive cells, mostly myocytes, in the WBN/Kob
rats studied. We did not observe any Apostain staining in
the necrosed myocytes with nuclear extrusion. However, the

FIGURE 3. (A) Hematoxylin–eosin and Apostain staining of
transverse heart sections. No positive staining is seen with
Apostain in the control heart (left), whereas typical Apostain-
positive brownish nuclei are observed in the heart of the WBN/
Kob rat (right). (B) Negative anti-CD4 and anti-CD8 immuno-
staining in transverse sections of a control heart (left), and
positive anti-CD4 and anti-CD8 pink immunostaining in trans-
verse sections of the heart of a WBN/Kob rat (right).
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possibility cannot be excluded that some cells undergoing
necrosis—cells in which DNA single-strand ends can be
seen—may be stained with Apostain (37). Obviously, the
rate of Apostain-positive cells we obtained is on the same
order of magnitude as the rates of TUNEL-positive myo-
cardial cells previously reported for mice with coxsackievi-
rus B3 myocarditis (0.42% � 0.06% of myocytes), for rats
with autoimmune myocarditis at the acute phase (0.53%–
0.99% of myocytes and 0.61%–1.67% of lymphocytes), and
for patients with myocarditis (0.61% � 1.25%, with a
maximum rate of 6.15% in severe active myocarditis)
(29,30,19).

This apoptotic rate is rather low. It corresponds to only
16 � 8 apoptotic cells among 3,920 � 972 nonapoptotic
cells per square millimeter of WBN/Kob rat myocardial
section. In accord with such a low apoptotic rate, the dif-
ference in HLRs on 4-h imaging between WBN/Kob and
control rats was low but statistically highly significant (P �
0.0007). Therefore, our results confirm good sensitivity for
the detection of apoptosis with ANX. In the WBN/Kob
model, the amount of recent necrosis is probably very low
because the myocardial damage progresses very slowly.

In accord with our results, Tokita et al. (40) recently
reported significant 99mTc-hydrazinonicotinamide-ANX up-
take in the hearts of rats with acute (3 wk after immuniza-
tion) autoimmune myocarditis, with uptake values slightly
higher than ours (2 times the values in control rats in their
study vs. 1.46 times in ours). This finding was probably
related to higher rates of apoptotic cells in the myocardium,
as found by a previous study (0.53%–0.99% of TUNEL-
positive myocytes and 0.61%–1.67% of TUNEL-positive
lymphocytes) (29), or to ANX uptake in recent necrosis.
Conversely, no significant ANX uptake was found 7 wk
after immunization, during the “subacute” phase of inflam-
mation, probably because of the absence of significant ap-
optosis: According to a previous study, TUNEL staining
was negative during this phase (29). In fact, it seems that the
apoptotic rate is higher in the WBN/Kob model than in the
autoimmune model during the subacute phase, possibly
because of differences in the mechanisms of myocardial
injury: catecholamines in WBN/Kob rats, inflammation in
autoimmune myocarditis.

The study had some limitations. The WBN/Kob model
may not reflect the myocardial status of patients with sub-
acute myocarditis, about which little is known because of
high diagnostic difficulties. However, with this model we
could demonstrate the ability of ANX to detect a low
percentage of apoptotic cells in the myocardium. This find-
ing is encouraging with regard to potential diagnostic value
in patients with acute myocarditis, who have been shown to
have increased apoptosis and recent necrosis (19,10).

CONCLUSION

Compared with control rats, rats with subacute myocar-
dial injury mimicking catecholamine-induced myocarditis

show a significant increase in myocardial 99mTc-ANX up-
take. This increase is in agreement with the presence of
apoptotic cells on immunohistologic studies with Apostain.
The sensitivity of 99mTc-ANX seems to be high, since the
apoptotic rate we found in our model was low. This sensi-
tivity suggests that 99mTc-ANX imaging has potential value
as a noninvasive in vivo method for diagnosing myocarditis
in humans.
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