Noninvasive Imaging of Myocyte Apoptosis Following
Application of a Stem Cell-Engineered Delivery
Platform to Acutely Infarcted Myocardium
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The cardioprotective effects of mesenchymal stem cells (MSCs)
include reducing myocyte apoptosis, and this effect can be en-
hanced by preconditioning and encapsulation in a fibrin scaffold.
This study aimed to test the hypothesis that apoptosis imaging
can detect the cardioprotective effects of a conditioned MSC
patch grafted in a rat model of acute myocardial infarction.
Methods: Cell culture experiments simulating engraftment of fi-
brin patches onto beating rat ventricular myocytes exposed to
hypoxia showed an effect of conditioned cells to reduce apopto-
sis. Twenty-three nude rats underwent successful left anterior
descending coronary artery occlusion and were divided into 3
groups: transforming growth factor B1-conditioned human
MSC-laden patches (CP), infarct alone without patch (no
patch [NP]), and patch alone (patch only [PO]). Twenty-four
hours after myocardial infarction, all rats were injected with
99mTc-hydrazinonicotinamide (®*°*™Tc-HYNIC) annexin V and
201T| and underwent dual-isotope SPECT/CT imaging. Six rats
were sacrificed for histology and counting. The remaining rats
(n = 17; 1 rat was eliminated) were injected and imaged on day
7; of those, 3 rats were sacrificed for histology and counting,
and the remaining 13 rats survived to day 21, when they were
sacrificed for histology. Numbers of rats imaged on day 7 in
the 3 groups were 7 in the CP group, 5 in the NP, and 5 in the
PO. Perfused myocardium, infarct size, and 9°™Tc-HYNIC
annexin V uptake were quantified from the scans from days
1 and 7. 9°MTc-HYNIC annexin V uptake was correlated with
quantitative caspase staining, and infarct size as percentage
fibrosis was quantified at day 21. Results: °°™Tc-HYNIC
annexin V uptake as percentage injected dose (x10~4) de-
creased between days 1 and 7 by 1.04 *= 0.28 in the CP
group, 0.44 = 0.17 in the NP group, and 0.34 *= 0.27 in the
PO group (P = 0.003 for NP vs. CP, P = 0.005 for PO vs. CP,
and P = 0.5 for NP vs. CP). The changes in defect size as
percentage myocardium between days 1 and 7 were —8.83 =
4.40 in the CP group, +1.00 = 2.24 in the NP group, and —0.50 +
4.20 in the PO group (P = 0.003 for NP vs. CP, P = 0.005 for
PO vs. CP, and P = 0.50 for NP vs. PO). *mTc-HYNIC annexin
V uptake as percentage left ventricle by scanning correlated
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with caspase staining (r = 0.931, P = 0.002). Conclusion:
Transforming growth factor B1-conditioned human MSC-
laden patches reduce myocyte apoptosis in the setting of acute
infarction, and this effect can be detected by in vivo imaging with
99mTc-HYNIC annexin V.
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Transient and low rates of cell engraftment represent
a major limitation of cell therapy for the ischemic heart.
The mixed results seen in the clinical setting may be a result
of poor cell retention and suboptimal cell preparations (/—4).
Combining cell preconditioning with factors such as trans-
forming growth factor (TGF-$1) and improving cell reten-
tion via patch delivery have been proposed as approaches
for enhancing the efficacy of cell therapy (5,6). In vitro
models of cardiac tissue can be used as test beds for ther-
apeutic interventions and have been developed to evaluate
the comparative potential for different methods for engi-
neering of the cells and patches to facilitate long-term sur-
vival (7,8). Imaging technology allows longitudinal in vivo
interrogation of paracrine effects of therapeutic cells.

Imaging modalities used in cardiovascular cell therapy
trials have largely relied on measuring regional or global
left ventricular (LV) function. Although in some cases these
tests have demonstrated improvements in global or regional
function, there is a need for more sensitive longitudinal
assays that will provide insight into mechanisms that may
be driving the observed improvements in cardiac function.
In the acute phase of post-myocardial infarction, a host of
inflammatory responses are both detrimental, by increasing
cell death via apoptosis, and beneficial, by stimulating
angiogenesis (9—11). The functional benefits of cell therapy
with mesenchymal stem cells (MSCs) or progenitor cells
have been largely attributed to the action of paracrine fac-
tors that are proangiogenic and antiapoptotic (12—17).
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Cell membrane alterations occur in cells undergoing
apoptosis to allow phagocytic engulfment. Phosphatidyl-
serine, which is normally restricted to the inner layer of
the phospholipid bilayer cell membrane, is flipped to the
outer bilayer. This alteration in cell membrane has been
used to target apoptosis for radionuclide imaging. The
naturally occurring protein annexin V avidly binds phos-
phatidylserine and can be labeled with a radiotracer for in
vitro and in vivo imaging of apoptosis (/8). This imaging
approach has been used in experimental animal models
and in clinical applications (/9-21).

In this study, we hypothesized that in vivo apoptosis
imaging could be used to evaluate the cardioprotective effects
of a cell-delivery platform in the acute post-myocardial in-
farction heart. To this end, we monitored the effects of our
therapeutic approach in live animals using apoptosis imaging
and serial **™Tc-annexin V hybrid SPECT/CT scans.

MATERIALS AND METHODS

Cardiac Constructs

Neonatal rat ventricular myocytes (NRVMs) were suspended in
fibrin hydrogel (2% w/v fibrinogen, thrombin [125 KU/mL]),
seeded onto Ultrafoam (Davol Inc.) collagen scaffolds (16.6 x 106
cells/cm?), and cultured for 4 d in medium (Dulbecco modified
Eagle medium, 10% fetal bovine serum, and 1% penicillin/strep-
tomycin).

In Vitro Cardiac Repair Experiments

We established 2 groups to simulate the engraftment of a fibrin
patch over cardiac constructs: fibrin alone and fibrin with encapsu-
lated TGF-B1—conditioned MSC (cells seeded at 1.0 x 10980 wL).
Fibrin patches were seeded over the beating NRVM constructs,
allowed to polymerize, and placed in culture for 1 d. At day 5,
constructs were placed under hypoxic conditions (5% O,, 5% CO,,
and 90% N,) and cultured for 1 wk, and samples were taken at the
following 3 time points: immediately before placement in hypoxia,

after 24 h, and at 1 wk of hypoxic culture. At the end of the exper-
iment, each construct was paraffin-embedded, sectioned (5 pum thick),
and stained for caspase-3 and hematoxylin and eosin (H&E). The
number of caspase-positive cells for fibrin control constructs (n = 7)
and conditioned MSC constructs (n = 7) were compared.

Fibrin Patch for In Vivo Studies

TGF-B1-conditioned MSC patches were prepared by modify-
ing a previously reported cell-delivery approach (5). Specifically,
passage-5 MSCs were conditioned with TGF-B1 (0.1 ng/mL)
(R&D Systems) for 4 d, encapsulated in 2% fibrin hydrogel,
loaded onto a highly porous poly(glycerol sebacate) scaffold
known as Biorubber (kindly provided by Dr. Yadong Wang) to
enable suturing, and cultured in TGF-B1-supplemented medium
for an additional 3 d before implantation (Fig. 1). Acellular control
patches were constructed following the same protocol, except that
the cells were not added to the fibrin hydrogel and the TGF-1
was not supplemented to culture medium.

Animal Groups

The animal protocol was approved by the Institutional Animal
Care and Use Committee of Columbia University. Twenty-five
nude male rats (T cell-deficient NIH; Charles River Laboratories)
underwent left anterior descending coronary artery (LAD) occlu-
sion. Two rats died early during surgery, and the remaining 23
(successful infarctions) were divided into 3 groups to receive the
following: TGF-f31—conditioned human MSC-laden patches (CP),
infarct alone without patch (no patch [NP]), and patch alone (patch
only [PO]J). Twenty-four hours after myocardial infarction, all
of these rats were injected with °°™Tc-hydrazinonicotinamide
(®*mTc-HYNIC) annexin V and 2°!TI and underwent dual-isotope
SPECT/CT imaging. Six rats (2 per group) were sacrificed for
histology and counting. The remaining 17 rats were injected and
imaged on day 7, after which 1 rat from each group was sacrificed
for histology. One rat had a small infarction due to distal LAD
ligations and was eliminated, leaving 16 rats for data analysis with
imaging on day 7 (CP, 6; NP, 5; and PO, 5) and 13 that survived to
day 21.
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Surgical Procedures

The LAD was ligated by tying a suture around the vessel just
proximal to the major branch. The tissue-engineered patch (CP or
PO) was then placed over the ischemic zone and secured to the
myocardium and the chest closed. A 20-gauge angiocatheter
positioned before chest closure was used to evacuate intrathoracic
air and fluid before cessation of mechanical ventilation and the
removal of the endotracheal tube at the first sign of spontaneous
respiration. Animals were evaluated at days 1, 7, and 21.

Tracer Preparation, Injection, and Imaging

HYNIC-derivatized annexin V was provided by the National
Cancer Institute repository and was labeled with **™Tc. The mean
specific activity was 1.7 £ 0.38 MBg/pg (46.3 = 10.3 pnCi/pg),
and the mean radiochemical purity of 95% * 2.6% was measured
by instant thin-layer chromatography.

At days 1 and 7, rats were anesthetized and injected with 54.02 *
4.07 MBq (1.46 = 0.11 mCi) of **™Tc-annexin V via a femoral
venous catheter. Three hours later, each animal was injected with
11.1 = 0.37 MBq (0.30 = 0.01 mCi) of 2°I'Tl and immediately
underwent dual-isotope hybrid SPECT/CT imaging (Bioscan) us-
ing the rat apertures with 2.5-mm pinholes and a resolution of 1.98
mm with the following imaging parameters: 30° step in 360°
rotation using 24 projections, 60 s per projection, and a 256 X
256 frame size with 1.0-mm pixels. The projection data were
reconstructed iteratively with an ordered-subset expectation max-
imization algorithm. The CT and SPECT data were fused and
reconstructed using InVivoScope software (Bioscan).

At the end of scanning, the animals were either awakened and
returned to animal housing or euthanized with an overdose of
pentobarbital. The hearts were rapidly excised, flushed with chilled
saline, and weighed. The atria were removed and ventricles sectioned
transversely and counted (Wallac Wizard 1470; PerkinElmer). Tissue
slices were fixed in embedding medium. The percentage of injected
dose per gram (%ID/g) of tissue was calculated from the well counter
data. The radiotracer activity in the samples was corrected for
background, decay time, and tissue weight.

Histology

Myocardial tissue was formalin-fixed, paraffin-embedded, and
sectioned (5 ym thick). Hearts excised at 1 and 7 d after myocar-
dial infarction were stained for active caspase-3 and H&E, and
hearts excised at 21 d were stained with H&E and Masson tri-
chrome. For cellular characterization, adjacent sections were
deparaffinized in xylene and treated with 0.3% hydrogen peroxide
for 20 min to inactivate endogenous peroxidase. Tissue sections
were then incubated in protein-free block (Dako) for 10 min to
inhibit the nonspecific binding of primary antibody. Apoptotic
cells were identified using activated caspase-3 antibody (1:250;
Promega). Detection was performed using horseradish peroxi-
dase—conjugated goat antirabbit IgG (Sigma), followed by diamino-
benzidine (DAB substrate kit for peroxidase; Vector Laboratories)
and counterstaining with Gill hematoxylin solution. Apoptosis (cas-
pase-positive) and fibrosis (blue staining on Masson trichrome)
were quantified on all myocardial sections from each heart using
Image-Pro Plus software (Media Cybernetics Inc.) and expressed as
percentage of the LV area per section and averaged for the sections
stained per animal. Dual immunofluorescent staining was per-
formed with a-active caspase-3 (Texas red) and for cardiomyocyte
sarcomeric actinin (fluorescein isothiocyanate). Areas of yellow in
the merged images represented colocalization.

Scan Analysis

The volumes of the perfused LV myocardium and defect were
quantified as millimeter cubed from the area of thallium uptake on
the reconstructed SPECT slices using InVivoScope software and
converted to mass (milligrams) assuming the specific density of
the heart of 1 g/cm?3. Using comparable thresholds for all studies,
we drew regions around thallium uptake and around the defect on
sequential 5-voxel-thick coronal slices from the septum to the
lateral wall, and defect areas were estimated from borders of thallium
uptake (Fig. 2). The uptake of *™Tc-annexin V was quantified in
microcuries from transverse slices using a calibration factor in the
software program and divided by the decay-corrected injected dose
(ID) and expressed as percentage ID (%ID). The same scan was

CP: TGF-B1-conditioned MSC

NP: no patch

FIGURE 2. Noninvasive in vivo imaging.
(Top panel) Transverse image from dual-iso-
tope SPECT/CT scans from representative
experiments from CP and NP groups that
were injected with 207T| and 99mTc¢-annexin
V and imaged at days 1 and 7 after LAD
ligation. 207TI uptake in perfused myocar-
dium is shown in green and focal uptake of

Myocardial
volume from
201T| uptake

ROI for #mTe
AN uptake

Transverse

Coronal

99mTc-annexin V in red, with arrows pointing
to this uptake. CP-treated rats showed
greater decrease in °°mTc-annexin V in
infarcted area between days 1 and 7 than
did NP-treated rat. (Lower panel) Methods
for quantification of scan data using InVivo-
Scope software. Regions are drawn around
201T] uptake on sequential 5-slice coronal
sections from septum to lateral wall and myo-
cardial volume measured using volume cali-
bration. Similarly, regions are drawn around
99mTc uptake on sequential 4-slice sections
and tracer uptake measured as millicuries,
which is divided by decay-corrected ID for
%ID. AN = annexin.
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analyzed twice on separate days by the same observer to deter-
mine the intraobserver reproducibility of the volume measurements
and to determine the interobserver reproducibility.

Statistical Analysis

Continuous variables were expressed as mean = SD. Normality
was assessed using the Sharpiro—Wilk W test. The equality of vari-
ances was assessed using the Levene test. Comparisons between
groups were made using a paired 2-tail Student 7 test or the Mann—
Whitney U test, as appropriate, with a P value less than 0.05
denoting significance. Comparison among multiple groups was
performed using ANOVA. Correlation was assessed using the
Pearson product-moment correlation coefficient. Statistical anal-
yses were performed using STATA (version 10.1; StataCorp, Col-
lege Station). Inter- and intraobserver variability was assessed
using the Bland-Altman method for measuring agreement, and
results were expressed as bias = 1.96 SDs.

RESULTS

In Vitro Model System

Staining with activated caspase-3 antibody in the NRVM
constructs after exposure to hypoxia showed lower activity in
the TGF-B1—conditioned MSC group. At 7 d, the average
number of caspase-positive cells per 5-pym section of NRVM
scaffolds was 369 = 172 for the control (fibrin patch—trea-
ted) construct and 148 = 23 for the treated construct (TGF-
B1—conditioned MSCs in fibrin) (P = 0.01) (Figs. 1A-1C).

Infarct Experiments

Sixteen rats survived surgery, were injected with radiotracer,
and were imaged on days 1 and 7 and found to have an infarct
size greater than 10%. Nine were sacrificed at the end of either
day 1 or day 7 for ex vivo counting and immunohistology.
Thirteen rats survived to day 21 for histology.

Reproducibility for Volume Measurements

The intraobserver and interobserver variability for scan
determinations of volumes was excellent. The limits of agree-
ment for intraobserver variability were —10.6 to +10.2, with
a mean difference of —0.20 (confidence interval, —3.92 to
3.52). The limits of agreement for interobserver variability
were —11.35 to +11.35, with mean difference of 0.000
(confidence interval, —4.06 to 4.006).

TABLE 1
Defect as Percentage Myocardium

Group Day 1 Day 7

CP

Mean = SD 23+ 6 14 =3

Range 15-32 9-17
NP

Mean + SD 18 = 4 19+ 4

Range 12-23 15-24
PO

Mean + SD 22 +5 22 +2

Range 17-27 20-24
P

NP vs. CP 0.14 0.05

PO vs. CP 0.80 0.002

NP vs. PO 0.20 0.30

LV Volume and Defect Size

The LV volume (mass in milligrams) did not change
significantly between days 1 and 7 for any of the 3 groups:
day 1, 210 = 40, and day 7, 192 = 44, for the CP group; day
1, 201 = 19, and day 2, 195 % 23, for the NP group; and
dayl, 218 = 38, and day 7, 219 = 31, for the PO group.
There were no significant differences between mean values
for defect as percentage myocardium at day 1 for NP versus
CP, PO versus CP, or NP versus PO, whereas for day 7 the
defect size was lower in the CP group than in the NP (P =
0.05) and PO groups (P = 0.002) (Tables 1 and 2). The
change in defect between days 1 and 7 as percentage myo-
cardium was —8.83 = 4.40 for the CP, +1.00 = 2.24 for NP,
and —0.5 = 4.20 for PO groups (Fig. 3A). The difference
between NP and CP was significant at a P value of 0.001 and
between PO and CP at 0.02, and there was no significant
difference between NP and PO groups (P = 0.51) (Fig. 3A).

Annexin Data

Focal uptake of **™Tc-annexin V was seen in the region
of the 2°I'TI defect on day 1 in all experiments (Fig. 2A).
There were no significant differences between mean values
for ®mTc-annexin V uptake (%ID) between NP versus CP,
PO versus CP, or NP versus PO for day 1. At day 7, focal
uptake of **™Tc-annexin V was seen in the region of the

A 6o CP NP PO B CP NP PO
3.0 0.0
FIGURE 3. Imaging data. (A) Shown is re- 2 o0 ‘fo 03 1
duction in ischemic defect (IS) as percent- -~ l ‘
age left ventricle from day 1 to day 7 in 3 3.0 X 0.6 1
groups. Defect was reduced in area in CP % 0% 1
group, whereas there were small changes in -6.0 s P=0.5
the 2 control groups. (B) Reduction in 9 Tc- £l 1.2 1 T
annexinV uptake from day 1 to day 7 in 3 +9.0
groups. Reduction in tracer uptake in defect - P=0.02 1.5 7 B o003
region is greater in CP than in NP or PO :
groups, and there is no change between 5.0 P=0.001
NP and PO groups.

980 THE JOURNAL OF NUCLEAR MEDICINE * Vol. 54

No. 6 ¢ June 2013



201T] defect in all but 1 experiment. Probe uptake was lower
in CP than in NP groups (P = 0.04) and borderline lower in
the PO than in CP groups (P = 0.08) (Table 2). Change in
99mTc-annexin V uptake (%ID) between days 1 and 7 were
—1.04 = 0.28 in the CP group, —0.44 * 0.17 in the NP
group, and —0.34 = 0.27 in the PO groups (P = 0.003, NP
vs. CP; P = 0.005, PO vs. CP; and P = 0.5, NP vs. CP)
(Fig. 3B). The uptake of *™Tc-annexin V measured from
the scans correlated with measured values of %ID/g in the
hearts harvested at days 1 and 7 (r = 0.883, P = 0.03) (Fig. 4).

Histologic Staining

Myocardial sections from the risk region from represen-
tative animals sacrificed at days 1 and 7 stained for caspase-3
showed greater staining at day 1 than at day 7. There were
more cells staining positive at day 7 in the control ex-
periments than in the CP experiments. Dual fluorescence
staining showed localization of caspase-3 to myocytes
(Fig. 5).

Correlations Between Imaging and Histology

For the hearts removed at days 1 and 7, there was
a significant correlation between °*™Tc-annexin V uptake
on the scans as percentage LV cross-sectional volume and
caspase staining as percentage LV area (r = 0.92, P =
0.003) (Fig. 5). The final size of scarring at day 21 was
compared with the defect size at day 1 to account for differ-
ences in initial size. The change in defect size as percentage
myocardium from day 1 to day 21 was 29% in the CP group
and 11% in the control groups (P = 0.02) (Table 1). His-
tologic sections from hearts harvested at day 21 from
experiments with patch and without patch are shown in
Figure 6.

DISCUSSION

We investigated the hypothesis that conditioned human
MSCs embedded in an engineered patch would protect the
myocardium by reducing apoptosis of the underlying
cardiac myocytes and thereby reduce infarct size. We first

TABLE 2
99mTc-HYNIC Annexin V Uptake
as %ID (x1074)

Group Day 1 Day 7

CP

Mean + SD 1.21 £ 0.40 0.18 = 0.13

Range 0.66-1.80 0.00-0.40
NP

Mean + SD 0.84 = 0.21 0.37 = 0.12

Range 0.60-1.10 0.15-0.46
PO

Mean + SD 0.80 = 0.46 0.46 = 0.31

Range 0.42-1.40 20-24
P

NP vs. CP 0.10 0.04

PO vs. CP 0.17 0.08

NP vs. PO 0.90 0.60
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N

%D x 104
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. P=0.03 FIGURE 4. Correlation be-

o+ r . )
0.0 0.2 0.4 0.6 tween values for ®¥mTc-annexin
V uptake as %ID x 1074 vs. ex
vivo %ID/g x 1073,

%IDIg x 10°3

conducted in vitro studies (using engineered cardiac con-
structs in the setting of hypoxia), and then in vivo studies
using a nude rat model of myocardial infarction, in which
an engineered composite polymer patch containing TGF-
B 1—conditioned human MSCs was applied over the ische-
mic cardiac tissue. The beating constructs treated with
TGF-B 1—conditioned MSC patches and exposed to hypoxia
were more resistant to apoptosis than the controls. In the in
vivo rat infarct model, hearts grafted with patches embedded
with TGF-B1—conditioned human MSCs showed a greater
reduction in defect sizes between days 1 and 7 after LAD
ligation in the CP group than in controls. There was a greater
reduction in uptake of **"Tc-HYNIC annexin V between
days 1 and 7 in CP than in the PO and NP groups. There
were no statistically significant differences in **™Tc-HYNIC
annexin V uptake on day 1 among the 3 groups, whereas
there was significant or borderline significantly lower uptake
on day 7 in the CP, as compared with the PO and NP groups.
These differences suggest that the beneficial effect of TGF-
B1—conditioned human MSCs to reduce defect size was
achieved through the reduction of apoptosis.

We have previously shown that the release of cardiopro-
tective factors can be augmented by the synergistic effects
of TGF-B1 conditioning and hypoxia (5). Biochemical sig-
naling from TGF-1 combined with a fibrin matrix promotes
a profile favorable for mesenchymal progenitor cells to re-
spond to endogenous gradients and migrate into the infarct
bed (5). At the injury site, these cells contribute to cytokine
secretion, attract endogenous repair cells, promote angio- and
arteriogenesis, and ultimately preserve myocardial function.
We hypothesized that these same factors may play an addi-
tional role in protecting the host myocardium in the postin-
farcted heart and sought to measure any beneficial effects by
quantitative apoptosis imaging.

Radiolabeled annexin V has been used to identify and
quantify cell death in myocardial infarction in experimental
studies and in patients (/9-22). Both apoptosis and necrosis
of cardiomyocytes occur in the ischemic zone after coro-
nary artery occlusion, with apoptosis being the predominant
process and apoptotic—to—necrotic cell ratios in the order of
40 to 1 (11,23). Necrosis is characterized by the loss of
homeostasis, cell swelling, and early cell membrane rup-
ture, and apoptosis is a regulated process requiring energy
and characterized by cell shrinkage, condensation of chro-
matin, and budding of the cell membrane into vesicles con-
taining cellular organelles called apoptotic bodies (/0).

Godier-Furnémont et al. 981



FIGURE 5. (A) Graph shows correlation
between 99mTc-annexin V uptake as per-
centage area of left ventricle (from region-
of-interest analysis) and percentage area of
caspase staining from quantitative immu-
nostaining of tissue from animals that were
sacrificed after scans. (B) Histologic sec-
tions are shown for apoptosis staining light
microscopy sections of myocardium in risk
region from control rat at day 1 and day 7
and from CP rat at day 7 (left) and immuno-
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B Caspase-3

T
fluorescence-stained sections from a day 1 0 5
CP experiment with staining for sarcomeric
«a-actinin in red, caspase-3 in green, and

NP day 1 Baremeric
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Caspase-3

NPday 7 |-

. R=0.9175
__P=0003 werged
10 15 20
20x

Area caspase staining/LV area

two merged in yellow (right). At day 1, there are more positive-stained cells than at day 7, and at day 7 there are fewer positive-stained
cells for CP than for NP experiments. Caspase-3 colocalizes with myocytes. AN = annexin.

Apoptotic cells are seen predominantly at the borders of
infarct border zones, and therefore the extent of apoptosis
determines infarct size (24,25).

Annexin V is a naturally occurring peptide found in
myocardial cells and may have a role in interstitial fibrosis
and myocardial remodeling (26). Transient sarcolemmal
phosphatidylserine expression has been observed during
periods of brief ischemia, with the capacity of the cells to
return to normal functioning with the restoration of oxygen
suggesting that uptake of ®*™Tc-annexinV is not specific for
irreversible programmed cell death and that some myocytes
binding this tracer may survive (27). In the model of com-
plete coronary artery ligation used in this study, ischemia
was not transient, and therefore it is likely that cells binding
99mTc-annexin V are undergoing irreversible cell death. Al-
though it has been postulated that **™Tc-annexin V can
bind necrotic and apoptotic cells, the experimental evi-
dence supports the premise that uptake localizes to areas
of apoptotic cells exclusively up to 4.5 h after occlusion
(25). The histologic staining we performed suggests that
the primary cell types undergoing apoptosis at both days 1
and 7 are myocytes. However, during the early infarct
healing period there is an ongoing dynamic interplay of
many processes, including inflammation and angiogene-
sis, that involves several cell types, and the uptake of
99mTc-annexinV probe on scans represents the sum total
of programmed cell death.

On the basis of these findings from in vitro cardiac-
engineered scaffolds and previously published work (5), we
constructed a stem cell-delivery platform to be used in an
acute infarct model and hypothesized that the cardioprotec-
tive effect by reducing apoptosis can be quantified on in
vivo SPECT imaging. Although the apoptotic activity seen
24 h after infarction was greater at day 1 than at day 7 in all
groups, only the MSC group had a significantly greater
reduction in apoptotic activity over 1 wk, accompanied
by reduced ischemic defect size, and reduced fibrosis at 21
d. It is postulated that these observed beneficial effects are
due to the release of paracrine factors after stem cell engraft-
ment and augmented by pharmacologic and physiologic con-
ditioning (28,29) or through transgenic approaches (30-32).
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CONCLUSION

TGF-B1—conditioned human MSC patches reduce myo-
cyte apoptosis in both an in vitro model of cardiac repair and
in the in vivo setting of acute myocardial infarction. This
antiapoptotic effect can be detected by in vivo imaging with
99mT¢-HYNIC annexin V and presents a method for non-
invasive and longitudinal monitoring of cell-based inter-
ventions in the heart. This noninvasive imaging approach has
potential as a tool to document beneficial effects of stem cell
therapy that are upstream of changes in regional or global
cardiac function. Although this approach to delivering stem
cells is not practical in an acute myocardial infarction setting
in patients. It may be feasible to implant these patches in
patients with chronic ischemic heart disease at the time of
surgery to prevent ongoing myocyte death in areas of the
myocardium that cannot be revascularized. Dual-isotope
SPECT/CT imaging, a standard clinical tool, may thus serve
as a reliable measure for the progression of patients under-
going cell therapy, as a metric for therapeutic effect.
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