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rejection, BALB/c-H2d mice hearts were transplanted
into genetically different B6-H2b mice (allogeneic
[ALO], n ¼ 6). In group 2, to demonstrate no rejec-
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tion, B6 mice hearts were transplanted into geneti-

Cardiac Allograft Rejection

cally identical B6 mice (syngeneic control [CON];
n ¼ 5). In group 3, to mimic acute rejection with

Targeting Apoptosis With Radiolabeled Duramycin

immunosuppression treatment, BALB/c hearts were
transplanted into B6 mice with CTLA4-IG immunosuppression (IMS; n ¼ 4). In group 4, to mimic

About 5,400 heart transplantations are performed

chronic rejection (CHR), Bm12-H2bm12 mice hearts

around the world annually. Survival in allograft re-

were transplanted into genetically similar, but not

cipients has improved substantially over the years

identical, major histocompatibility complex class II

with effective immunosuppressive therapy. However,

B6 mice (CHR; n ¼ 4).

acute cellular or antibody-mediated allograft rejec-

For heterotopic heart transplantation, the donor

tion in the ﬁrst 6 to 12 months remains a signiﬁcant

aorta and pulmonary artery were anastomosed to the

concern and requires close surveillance (1). Repeated

recipient aorta and vena cava, respectively. In vivo

endomyocardial biopsies (EMBs) are performed to

micro–single-photon

detect allograft rejection. EMB is an invasive process

graphic/micro–computed tomographic imaging (X-

emission

computed

tomo-

and is associated with a ﬁnite procedural risk. Gene

SPECT, Trifoil Imaging, Chatsworth, California) of the

expression proﬁling in blood monocytes has been

animals was performed 4 h after

proposed as an alternative for monitoring transplant

(0.6 to 0.7 mCi) administration. Fused scintigraphic-

rejection with high sensitivity but has poor positive

anatomic scans were evaluated in axial, sagittal,

predictive value (1). Therefore, a noninvasive imaging

and coronal views (Figure 1B; in vivo fusion, Videos 1,

modality would be of clinical value to deﬁne the pre-

2 and 3). ALO and CON mice were imaged 6 to 7 days,

test probability of acute rejection and need for EMB.

IMS mice 14 to 15 days, and CHR mice 21 days

Both cell death and inﬂammatory cells have been

99m

Tc-duramycin

following transplantation.

targeted for noninvasive molecular imaging of graft

After in vivo imaging, transplanted and native

rejection. The cell death process has been detected

hearts were removed and imaged ex vivo (Figure 1C).

in vivo by imaging of cellular apoptosis, necrosis, and

Ex vivo micro–single-photon emission computed

necroptosis (2,3). Imaging of apoptosis has targeted

tomographic imaging demonstrated visually signiﬁ-

the exteriorization of inner cell membrane phospho-

cantly higher uptake in the heterotopic transplant in

lipids, such as phosphatidylserine with

99m

Tc-labeled

ALO mice, and there was relatively little to no uptake

annexin-V (4). Annexin-V is associated with signiﬁ-

in CON and IMS mice; heterotopic hearts in CHR mice

cant nontarget organ radiation burden, which reduces

had less uptake compared with ALO mice and more

its value for serial imaging.

compared with CON mice. Mean radiotracer uptake

Yet another phospholipid, phosphatidylethanolamine, demonstrates even greater exposure during

quantiﬁed in the region of interest (ROI) was represented as counts per square millimeter.

apoptosis than phosphatidylserine. Therefore, we

Hearts were then cut into 4 short-axis slices and

used the phosphatidylethanolamine-targeting radio-

sectioned radially into 29 to 31 pieces for gamma

tracer

99m

Tc-duramycin in a heterotopic heart trans-

counting to calculate percentage injected dose per

plantation mouse model to mimic the immunologic

gram (%ID/g). The Kruskal-Wallis test and post hoc

response associated with varying degrees of allograft

comparisons using Dunn’s procedure were performed

rejection, both treated and untreated (4). We hy-

(R

pothesized that because apoptosis increases in pro-

Computing) to compare differences among groups in

portion to the severity of rejection,

99m

Tc-duramycin

could potentially assess rejection severity.

version

3.5,

R

Foundation

for

Statistical

radiotracer uptake calculated by differences in mean
ROI and %ID/g between the transplanted hearts and

Covalently modiﬁed duramycin (Molecular Tar-

the native hearts of each animal. Spearman’s rank test

geting Technologies, West Chester, Pennsylvania)

was performed to correlate rejection severity with log

was radiolabeled with

99m

Tc-pertechnetate (5). In 4

of mean ROI counts. The mean ROI was found to be

groups, 19 mice received abdominal heterotopic car-

signiﬁcantly different among groups (p < 0.01) and

diac allografts (Figure 1A). In group 1, to mimic acute

was signiﬁcantly higher in ALO compared with CON
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F I G U R E 1 Molecular Imaging for Experimental Cardiac Allograft Rejection

A
Group

Donor Species

Recipient Species

Sacrifice/Imaging Time

Treatment

Allogeneic (ALO)

BALB/c

B6

6 days post-transplant

None

Syngeneic (CON)

B6

B6

6 days post-transplant

None

Allogeneic with
Immunosuppression (IMS)

BALB/c

B6

14 days post-transplant

CTLA4-lg

Chronic Rejection (CHR)

BM12

B6

21 days post-transplant

None

Imaging Schedule
Tracer
Injection

In vivo
SPECT/CT

0h

B

Explant
Heart

4h

ex vivo
Imaging

Gamma Counting
Sample Collection
for Pathology

5h

ALO

CON

C
ALO Donor Heart:
4.88 %ID/g

ALO Native Heart:
0.04 %ID/g

CON Donor Heart:
0.79 %ID/g

IMS Donor Heart:
1.40 %ID/g

CHR Donor Heart:
1.2 %ID/g

CON Native Heart:
0.57 %ID/g

IMS Native Heart:
0.71 %ID/g

CHR Native Heart:
0.75 %ID/g

(A) Table showing the animal groups and timeline for imaging schedule. (B) In vivo micro–single-photon emission computed tomographic/micro–computed tomographic
fusion images of mouse heterotopic transplantation in allogeneic (ALO) and syngeneic control (CON) groups; yellow arrows show heterotopic transplanted heart, and red
arrows show native heart. (C) Ex vivo images of explanted hearts from all 4 groups with their respective percentage injected dose per gram (%ID/g) uptake values. (D)
Histological characterization by hematoxylin and eosin (top) and caspase-3 (bottom) staining reveals ALO heterotopic heart with grade 3 rejection, showing interstitial
hemorrhage, diffuse inﬂammation, and signiﬁcant caspase-3 staining under high power. CON heterotopic heart with no rejection and low caspase staining. CTLA4-IG
immunosuppression (IMS) group with 1 at low power with low caspase staining. Chronic rejection (CHR) heterotopic heart with grade and low caspase-3 staining. (E) Mean
region of interest (ROI) difference for each group (left), %ID/g difference for each group (middle), and scatterplot (right), with line of best ﬁt showing a correlation
between log(difference of mean ROI) and rejection grade severity (Videos 1, 2 and 3). ISHLT ¼ International Society for Heart & Lung Transplantation.

Continued on the next page

and IMS mice (p < 0.05). Similarly, %ID/g uptake was

myocardium is available for analysis, were not inter-

also signiﬁcantly different among groups (p < 0.05),

preted as EMB in ISHLT criteria. Rejection histopa-

with signiﬁcantly higher uptake in ALO compared

thology was graded according to the extent of

with CON mice (p < 0.05) (Figure 1E).

allograft injury into grades 1 through 3, with 1 being

Myocardial specimens underwent hematoxylin and
eosin

staining

and

apoptosis-speciﬁc

no rejection and 3 being severe rejection; some

caspase-3

epicardial inﬂammation was seen in grade 1 rejection

staining. Interpretation was blindly performed by 2

(Figure 1D). ALO heterotopic hearts demonstrated

pathologists (N.N. and A.L.M.). The ISHLT criteria are

grade 3 rejection with diffuse myocyte injury with

meant primarily for EMB, and it is difﬁcult to obtain

inﬂammatory cell inﬁltrates with endothelialitis,

EMB samples in small animals. Therefore, experi-

hemorrhage, coagulative necrosis, and activated

mental allograft rejection, in which the entire

intravascular mononuclear cells. CON mice showed
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F I G U R E 1 Continued

D
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IMS

CHR

H&E

Caspase 3
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Mean ROI Difference

Correlation Log of Mean ROI Difference
with Severity of Rejection

%ID/g Difference
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Groups
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CON
CHR
IMS
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CON
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CON

CHR

IMS

cell

inﬁltrates

with no or focal myocyte damage and minimal
endothelialitis, but no hemorrhage (grade 1). CHR
mice demonstrated variable degrees of myocyte
damage with inﬂammation and variable presence of
endothelialitis, mild hemorrhage, and chronic allograft vasculopathy, grades 2 to 3. Caspase-3 staining
showed signiﬁcant apoptosis in ALO mice but minimal staining in the CON, CHR, and IMS animals. There
was a strong correlation between rejection grade and
the log of mean ROI counts (rho ¼ 0.754; p ¼ 0.003)
via Spearman’s rank-order correlation (Figure 1E).
This study showed the feasibility of

99m

Tc-dura-

mycin to noninvasively image apoptosis in correlation with cardiac allograft rejection. Despite good
99m

Tc-duramycin with this rejection

model, further studies need to determine whether
these ﬁndings could be clinically translated to
delineate rejection severity in allograft recipients.
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