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Abstract: Biological changes following myocardial infarction (MI) lead to increased secretion of angiogenic factors 
that subsequently stimulate the formation of new blood vessels as a compensatory mechanism to reverse ischemia. 
The goal of this study was to assess the role of CD105 expression during MI-induced angiogenesis by positron emis-
sion tomography (PET) imaging using 64Cu-labeled TRC105, an anti-CD105 monoclonal antibody. MI was induced by 
ligation of the left anterior descending (LAD) artery in female rats. Echocardiography and 18F-fluoro-2-deoxy-D-glu-
cose (18F-FDG) PET scans were performed on post-operative day 3 to confirm the presence of MI in the infarct group 
and intact heart in the sham group, respectively. Ischemia-induced angiogenesis was non-invasively monitored 
with 64Cu-NOTA-TRC105 (an extensively validated PET tracer in our previous studies) PET on post-operative days 3, 
10, and 17. Tracer uptake in the infarct zone was highest on day 3 following MI, which was significantly higher than 
that in the sham group (1.41 ± 0.45 %ID/g vs 0.57 ± 0.07 %ID/g; n=3, p<0.05). Subsequently, tracer uptake in the 
infarct zone decreased over time to the background level on day 17, whereas tracer uptake in the heart of sham 
rats remained low at all time points examined. Histopathology documented increased CD105 expression following 
MI, which corroborated in vivo findings. This study indicated that PET imaging of CD105 can be a useful tool for 
MI-related research, which can potentially improve MI patient management in the future upon clinical translation of 
the optimized PET tracers. 
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Introduction

Myocardial infarction (MI), one of the most sig-
nificant consequences of coronary artery dis-
ease (CAD), remains the leading cause of death 
in the United States despite the decreasing 
trend over the last several decades [1]. After 
MI, a complex biological process that involves 
inflammation, angiogenesis, and repair can 
lead to ventricular remodeling, which is charac-
terized by specific biochemical and structural 
alterations in the myocardial infarct and peri-
infarct regions [2]. Angiogenesis represents the 
formation of new capillaries by cellular out-
growth from existing microvessels, which plays 
a critical role in the response to ischemia asso-

ciated with MI [2, 3]. Non-invasive imaging of 
angiogenesis (e.g., its presence, extent, and 
time course) is an attractive strategy to improve 
post-infarction risk stratification and possibly 
guide therapeutic interventions [3, 4].

Currently, most of the information regarding the 
biologic pathways involved in remodeling after 
MI derives from ex vivo tissue analysis, whereas 
molecular imaging techniques can enable the 
monitoring of biological changes during a dis-
ease process even before the symptoms are 
present [5, 6]. Positron emission tomography 
(PET) imaging is increasingly being investigated 
and utilized for early detection of CAD and the 
evaluation of myocardial viability after MI, since 
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it can offer several technical advantages over 
other molecular imaging modalities such as 
higher sensitivity and quantitation accuracy [5, 
7].

Vascular endothelial growth factor receptor 
(VEGFR) and integrins (particularly the αvβ3 
integrin) have been identified as suitable tar-
gets for imaging of angiogenesis [8, 9], and sev-
eral tracers targeting these receptors have 
been investigated in MI models [10-13]. To bet-
ter define the factors that may be involved in 
ischemia induced-angiogenesis, we have devel-
oped a series of PET probes that bind to CD105 
(endoglin), a 180 kDa disulfide-linked homodi-
meric transmembrane protein selectively 
expressed on the endothelial cells of newly 
formed vessels [14-17]. These tracers were all 
based on TRC105, a chimeric monoclonal anti-
body that binds to human and murine CD105 
with high avidity. TRC105 has been studied as 
an anti-angiogenic agent in multiple clinical tri-
als in oncology patients [18].

In this study, we evaluated the use of 64Cu-NOTA-
TRC105 (NOTA denotes 1,4,7-triazacyclonon-
ane-1,4,7-triacetic acid) for non-invasive and 
quantitative monitoring of CD105 expression in 
a rat model of MI using PET. We hypothesized 
that CD105 plays an important role during the 
remodeling process after MI, which could be 
non-invasively visualized with PET and poten-
tially be useful for guiding future therapeutic 
intervention. 

Materials and methods

64Cu-labeling of TRC105

TRC105 was provided by TRACON Pharma-
ceuticals, Inc. (San Diego, CA) and S-2-(4-
isothiocyanatobenzyl)-NOTA (abbreviated as 
p-SCN-Bn-NOTA) was purchased from Macro-
cyclics, Inc. (Dallas, TX). 64Cu was produced 
with a CTI RDS 112 cyclotron using the 64Ni (p, 
n) 64Cu reaction, which has specific activity of 
>5 Ci/µmol at the end-of-bombardment. 
64Cu-NOTA-TRC105 was synthesized and com-
prehensively characterized both in vitro and in 
vivo (e.g. tumor models and murine hindlimb 
ischemia model), as described in detail in our 
previous studies [19, 20]. In brief, NOTA conju-
gation was carried out at pH 9.0, with the ratio 
of p-SCN-Bn-NOTA: TRC105 being 25:1. NOTA-
TRC105 was purified using PD-10 columns (GE 

Healthcare, Buckinghamshire, UK) with phos-
phate-buffered saline (PBS, HyClone laborato-
ries, Logan, UT) as the mobile phase. For radio-
labeling, 64CuCl2 (74 MBq) was diluted in 300 
μL of 0.1 M sodium acetate buffer (pH 6.5) and 
added to 50 μg of NOTA-TRC105. The reaction 
mixture was incubated for 30 min at 37°C with 
constant shaking. 64Cu-NOTA-TRC105 was puri-
fied using PD-10 columns with PBS as the 
mobile phase. The radioactive fractions con-
taining 64Cu-NOTA-TRC105 were collected and 
passed through a 0.2 μm syringe filter for in 
vivo experiments.

Rat model of MI

All animal studies were conducted under a pro-
tocol approved by the University of Wisconsin 
Institutional Animal Care and Use Committee. 
Adult female rats (200-250 g) were divided into 
two study groups: sham-operated control (n=3) 
and MI (n=3). Anesthesia was maintained with 
2% isoflurane during surgery. Animals were 
intubated and ventilated using a small animal 
ventilator (Harvard Apparatus, March-Hugs-
tetten, Germany) at 60 breaths/min with a tidal 
volume of 2 ml. The anterior and lateral abdom-
inal walls were trichotomized and disinfected 
with iodopovidone solution prior to the incision. 
A transverse skin incision was performed in the 
upper abdominal region below the xyphoid pro-
cess and a skin flap was elevated up to the sec-
ond intercostal space, thereby exposing the left 
thoracic wall. A left thoracotomy incision was 
performed through the muscle layer at the 
fourth intercostal space level, and the left ante-
rior descending (LAD) artery was ligated imme-
diately after it emerged past the tip of the left 
atria using 6.0 nylon suture with a tapered nee-
dle (AROSurgical Corp., Newport Beach, CA). 
Blanching of the tissue distal to the suture was 
observed in all rats in the MI group. For the 
sham operation, suture was passed through 
the cardiac ventricular wall as described above 
but no knot was placed. The lungs were re-
expanded and chest wall and skin incisions 
were closed separately. The animals were 
removed from the ventilator and allowed to 
recover.

Transthoracic echocardiography and PET con-
firmation of MI

MI was confirmed by using a Vevo 770 ultra-
sound system with a 17.5 MHz transducer 
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(VisualSonics, Toronto, Canada) on post-opera-
tive day 3. Non-invasive acquisition of two-

dimensional B-mode and M-mode images was 
recorded on anesthetized rats (with 1% isoflu-

Figure 2. 64Cu-NOTA-TRC105 PET images on days 3, 10 and 17 after surgery. Images were acquired at 48 h post-
injection of the tracer and only transaxial images containing the heart are shown. The heart wall (with or without 
infarct) is indicated with white arrowheads. Tracer uptake in the intercostal incision (denoted as “wound”) could 
also be visualized in some of the images. On day 17, neither the infarct zone nor the incision site showed prominent 
tracer uptake above the background level. 

Figure 1. In echocardiogram of female rats on post-operative day 3, the signal from the posterior wall is visible in 
both the infarct and sham groups. However, there is no corresponding signal from the anterior wall in the infarcted 
heart which reflected the lack of movement. 18F-FDG PET of the sham-operated heart demonstrated a complete 
circle, whereas a gap can be clearly seen (white arrows) in the infarcted heart. Both experiments confirmed the 
presence of myocardial infarction in the “infarct” group and intact heart in the “sham” group. 
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rane). Abnormal wall motion was noted in a 
long axis view to confirm MI. Ejection Fraction 
((stroke volume/end-diastolic volume) × 100) 
was measured from a standard long axis view 
via calculations using VisualSonics software. 
18F-fluoro-2-deoxy-D-glucose (18F-FDG) PET 
scans were also utilized to further confirm the 
presence of MI. One hour after each rat was 
injected with ~37 MBq of 18F-FDG, a 20 min 
static scan was carried out with the mid thorax 
of the rat in the center of the scanner’s field of 
view (FOV).

PET imaging

Serial PET imaging was performed on an Inveon 
microPET/microCT rodent model scanner 
(Siemens Medical Solutions USA, Inc.) as 
described previously [17, 21]. Animals were 
intravenously injected with 20-37 MBq of 
64Cu-NOTA-TRC105. Thirty-minute static PET 
scans were performed at various time points 
post-injection (p.i.), with the rats maintained 
under 2% isoflurane anesthesia and the mid 
thorax located in the center of the FOV. The 
images were reconstructed using a filtered 
back projection (FBP) algorithm, with no attenu-
ation or scatter correction. Region-of-interest 
(ROI) analysis of each PET scan was performed 
using vendor software (Inveon Research 
Workplace [IRW]) on decay-corrected whole-
body images as described previously [17, 21], 
to calculate the percentage injected dose per 
gram of tissue (%ID/g) values for the infarcted 
and non-infarcted cardiac muscle.

Histopathology

Frozen tissue slices of 5 µm thickness were 
fixed with cold acetone for 10 min for hematox-

ylin and eosin (H & E) and immunofluorescence 
(IF) staining. For IF staining, after rinsing with 
PBS and blocking with 10% donkey serum for 
30 min at room temperature, the slices were 
incubated with a mixture of TRC105 (5 µg/mL) 
and rat anti-mouse CD31 antibody (BD biosci-
ences, San Jose, CA) for 1 h at room tempera-
ture, and visualized using AlexaFluor488-
labeled goat anti-human IgG (Invitrogen, 
Eugene, OR) and Cy3-labeled donkey anti-rat 
IgG (Jackson laboratories, West Grove, PA) 
respectively. All images were acquired with a 
Nikon Eclipse Ti microscope. Vascular density 
was calculated under 20 × magnification. The 
average values of the vessel counts from 3 dif-
ferent high power fields (hpf; 0.12 mm2) were 
calculated.

Statistical analysis

Data were presented as mean ± SD. Differences 
between multiple groups were assessed with 
1-way ANOVA followed by the Tukey’s post hoc 
test for multiple comparisons. All P values 
were calculated with 2-tailed statistical tests. 
Differences were considered statistically sig-
nificant when P<0.05. Data were analyzed with 
GraphPad software.

Results

64Cu-labeling of TRC105

64Cu-labeling, including final purification using 
size exclusion column chromatography, took 80 
± 10 min (n=5). The decay-corrected radio-
chemical yield was >85% based on 25 µg of 
NOTA-TRC105 per 37 MBq of 64Cu, and the 
radiochemical purity was >98%. The specific 
activity of 64Cu-NOTA-TRC105 was about 1.2 
GBq/mg of protein, assuming complete recov-
ery of NOTA-TRC105 after size exclusion col-
umn chromatography.

Characterization of MI in rats

On day 3 after MI, ultrasound was used to 
assess cardiovascular function and wall motion 
abnormalities (Figure 1). MI rats had an ejec-
tion fraction of 27 ± 11% (n=3), which is signifi-
cantly lower than the average ejection fraction 
for normal rats under isoflurane anesthesia 
(~60% [22]). 18F-FDG uptake was prominent 
and homogenous in the myocardial tissue in 
the sham group, whereas the infarcted myocar-
dial tissue in the MI group had profoundly 
decreased uptake of 18F-FDG (Figure 1). Taken 

Figure 3. Quantitative PET data based in images ob-
tained at 48 h post-injection of 64Cu-NOTA-TRC105 
on different days after surgery (n=3). *: P<0.05.
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together, both experiments confirmed the suc-
cessful generation of MI after surgery.

PET imaging

64Cu-NOTA-TRC105 PET was carried out on 
days 3, 10, and 17 following surgery to non-
invasively monitor CD105 expression in the 
infarct zone (Figure 2). On the basis of our pre-
vious experience with in vivo PET imaging using 
TRC105-based agents to image CD105 expres-
sion on proliferating tumor vasculature [23], 
the time points of 4, 24, and 48 h p.i. were cho-
sen for serial PET scans. At 4 h p.i., typically 
there was a relatively high level of blood radio-
activity because of the long circulation half-life 
of the radiolabeled antibody. 64Cu-NOTA-
TRC105 uptake in the tissue of interest (e.g., 
tumor and ischemic tissue) typically plateaued 
between 24 and 48 h p.i. [20, 23].

In this study, since the ROI was in the rat heart, 
PET images at 4 h and 24 h p.i. were less infor-
mative due to high background signal in the 
blood pool. Therefore, ROI analysis was per-
formed for PET data acquired at 48 h p.i., which 
showed minimal blood pool radioactivity and 
allowed for clear visualization of tracer uptake 
in the rat heart. 64Cu-NOTA-TRC105 uptake in 
the infarct zone at 48 h p.i. was 1.41 ± 0.45, 
1.00 ± 0.41, and 0.64 ± 0.31 %ID/g on days 3, 
10, and 17 following surgery, respectively (n=3; 

Figure 3). These values were higher than that of 
the sham-operated rats (0.57 ± 0.07, 0.64 ± 
0.04, and 0.50 ± 0.21 %ID/g on days 3, 10, and 
17, respectively; n=3). On day 3, the difference 
was statistically significant between the two 
groups with P<0.05. Afterwards, the difference 
in tracer uptake was no longer statistically sig-
nificant, although 64Cu-NOTA-TRC105 uptake 
was higher in the MI group when compared to 
the sham group on post-operative day 10.

Histopathology

H & E staining indicated the progressive repla-
cement of the infarcted myocardium with fibrot-
ic tissue, with the whole sections of the rat 
heart shown in Figure 4A-E and the higher mag-
nification images shown in Figure 4F-J. CD31/
CD105 co-staining images of the heart were 
shown in Figure 5. An increased expression of 
CD105 was observed on days 3 and 10 after 
the surgery. The highest density of CD105-posi-
tive vessels was observed on post-operative 
day 3 (17.6 ± 2.5 vessels/hpf; n=3), followed by 
day 10 (14.0 ± 3.6 vessels/hpf; n=3). The aver-
age number of CD105-positive vessels dropped 
to 4.6 ± 0.6 vessels/hpf (n=3) on day 17. The 
difference in CD105-positive vessel density 
between post-operative days 3 and 10 was not 
statistically significant, while the difference 
between day 3 (or day 10) and day 17 was sta-

Figure 4. The upper row of images show the normal heart and the progressive changes in the infarcted heart on 
days 3, 10, 17, and 24 in lower magnification. The thickness of the myocardium is even all around the cardiac wall 
in normal heart (A). No significant thinning can be seen on day 3 (B), whereas a marked thinning in the infarcted 
anterolateral wall can be seen starting from day 10 (C). Thinning becomes more evident on day 17 (D) and finally the 
infarct zone is completely replaced by a thin fibrotic layer on day 24 (E). The bottom row shows the corresponding 
higher magnification images from the infract zone. Even though panel B shows little change on day 3, the higher 
magnification view shows the beginning of histological changes, characterized by the thinning of the myocardial 
fibrils (G) in comparison to normal heart (F). Disorganized and thinner myocardial fibrils are more evident on days 
10, 17, and 24 (H-J). Scale bar: 200 µm.
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tistically significant (P<0.05). No significant 
CD105 staining was observed in the sham 
group, which corroborated the in vivo findings.

Discussion

In this study, we investigated the progress of 
post-MI angiogenesis via PET imaging of CD105 
expression in a rat model of MI. Traditional car-
diac imaging is based on the detection of ana-
tomic and physiologic changes in the heart, 
such as changes in blood flow or contractile 
function. Because of high throughput and wide 
availability, echocardiography remains the 
workhorse in the field of cardiac imaging [2]. In 
the case of chronic ischemic injury, the extent 
of infarct may be visualized accurately with 
newer generation ultrasound systems. How-

ever, in the case of acute ischemic injury, sim-
ple assessment of the abnormalities of wall 
motion can result in significant overestimation 
of the infarction size [24]. Molecular imaging 
techniques such as PET can allow in vivo stud-
ies of biological pathways of various cardiovas-
cular diseases, including altered energy metab-
olism, inflammation, apoptosis, thrombosis, 
and angiogenesis, thus enabling early diagno-
sis and improved therapeutic approaches [25]. 
PET imaging may provide invaluable in vivo 
information with regard to the pathophysiology 
of MI and, because of its non-invasive nature, 
may be readily applied to human subjects.

The biological changes following MI can be 
assessed by the evaluation of regional myocar-

Figure 5. Representative images from CD31/CD105 co-staining of sham-operated and infarcted heart. DAPI stain-
ing was used to indicate the nuclei and merged images are also shown. Scale bar: 100 µm.
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dial perfusion, function, and metabolism via 
various molecular imaging techniques [3, 26]. 
PET tracers used for the evaluation of myocar-
dial blood flow typically include 13N-ammonia, 
82Rb, and 15O-H2O [27-30]. However, the short 
decay half-lives of these radiotracers limit their 
widespread clinical use, because of the need 
for an on-site cyclotron or generator. 13N-NH3 
has a relatively long decay half-life of ten min-
utes, high myocardium extraction, and reduced 
persistence in the blood pool, which make it 
more amenable than 82Rb and 15O-H2O for pre-
clinical studies [28]. 18F-FDG can measure the 
changes in glucose metabolism and it is the 
most widely used PET tracer in the clinic [31-
33]. The uptake of 18F-FDG by myocardium pro-
vides an established clinical method to mea-
sure tissue viability in patients with MI. When 
compared to other PET tracers, 18F-FDG is more 
readily available at most PET centers and allows 
the acquisition of images with good resolution 
[26, 31]. 

However, none of these abovementioned trac-
ers demonstrate biological changes occurring 
in the actual infarct zone. Therefore, many 
other PET tracers have been developed to tar-
get ischemia induced-angiogenesis occurring 
in the infarct zone, such as those that target 
the integrins (with radiolabeled RGD peptides) 
or VEGFR (with radiolabeled VEGF protein) [4, 
10, 13, 34, 35]. In this work, we have shown 
that CD105 is another relevant and valid target 
for investigation of post-MI angiogenesis, using 
our previously validated 64Cu-NOTA-TRC105 as 
the PET tracer [19, 20]. When compared with 
the literature reports mentioned above, PET 
image quality and 64Cu-NOTA-TRC105 uptake in 
the infarct zone were comparable to the other 
PET tracers. In the clinic, there is an urgent 
need for molecular imaging strategies that can 
provide clinicians with biological information for 
the diagnosis and treatment of ischemic heart 
disease. Although molecular imaging tech-
niques have advanced dramatically over the 
last decade in preclinical models, much future 
effort needs to be devoted to clinical trans- 
lation.

The limitations of our study are primarily relat-
ed to the animal model. The arterial territories 
of rat coronary arteries are quite different from 
human coronary arteries. These differences 
may result in different zones of infarction in 
rats when compared to humans, even though 

the same artery is occluded [26]. Another 
shortcoming is the acuteness of the myocardial 
ischemia in our rat model, unlike human MI 
which may be associated with a chronic isch-
emic process. The progress of post-MI remod-
eling may differ between humans and rats 
because of differences in pathogenesis. 
Another issue is that permanent ligation of the 
LAD artery was adopted in our rat model of MI, 
whereas in the clinic blood flow in MI patients 
would generally be re-established. The lack of 
blood flow in the LAD artery after surgery could 
significantly affect tracer uptake in the infarct 
area. Of note, the skin incision was placed as 
far away as possible from the heart, which 
allowed us to partly avoid the background sig-
nal from the skin incision during PET imaging. 
Nonetheless, the incision on the intercostal 
muscles produced a strong background signal 
that could clearly be seen in PET (Figure 2), 
since wound healing involves angiogenesis and 
CD105 is most likely also overexpressed during 
this process, which may obscure the specific 
signal from the infarct region to a certain 
extent. This may be partly responsible for the 
relatively large error bars of tracer uptake in the 
MI group.

Conclusion

Herein we report the use of 64Cu-NOTA-TRC105 
for non-invasive assessment of angiogenesis 
following acute MI in a rat model. Echocar-
diography and 18F-FDG PET was used to confirm 
the successful induction of MI in female rats, 
which exhibited elevated uptake of 64Cu-NOTA-
TRC105 in the infarct zone (significantly higher 
than that of the sham group on post-operative 
day 3). Histopathology confirmed increased 
CD105 expression following MI, indicating that 
CD105 is a viable target for imaging and thera-
peutic intervention of MI. Overall, this study 
suggested that PET imaging of CD105 can be a 
useful tool for MI-related research, which may 
improve MI patient management in the future 
upon clinical translation of the optimized PET 
tracers.
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