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Abstract: In this study, 64Cu-NOTA-TRC105 (TRC105 is an anti-CD105 monoclonal antibody that binds to both human 
and murine CD105) positron emission tomography (PET) was used to assess the response to pravastatin treatment 
in a murine model of peripheral artery disease (PAD). Hindlimb ischemia was induced by ligation of the right femoral 
arteries in BALB/c mice under anesthesia, and the left hindlimb served as an internal control. Mice in the treatment 
group were given intraperitoneal pravastatin daily until the end of the study, whereas the animals in the control 
group were injected with 0.9% sodium chloride solution. Laser Doppler imaging showed that blood flow in the isch-
emic hindlimb plummeted to ~20% of the normal level after surgery, and gradually recovered to near normal level on 
day 10 in the treatment group and on day 20 in the control group. Angiogenesis was non-invasively monitored and 
quantified with 64Cu-NOTA-TRC105 PET on postoperative days 3, 10, 17, and 24. Tracer uptake at 48 h post-injection 
in the ischemic hindlimb in the treatment group was significantly higher than that of the control group on day 10 
(20.5 ± 1.9 %ID/g vs 11.4 ± 1.5 %ID/g), suggesting increased CD105 expression and higher level of angiogenesis 
upon pravastatin treatment, and gradually decreased to background levels in both groups (4.9 ± 0.8 %ID/g vs 3.4 ± 
1.9 %ID/g on day 24). The in vivo PET data correlated well with ex vivo biodistribution studies performed on day 24. 
Increased CD105 expression on days 3 and 10 following ischemia was further confirmed by immunofluorescence 
staining. Taken together, our results indicated that 64Cu-NOTA-TRC105 PET is a suitable and non-invasive method to 
monitor the angiogenesis and therapeutic response in PAD, which can also be utilized for non-invasive evaluation of 
other pro-angiogenic/anti-angiogenic drugs in other cardiovascular diseases and cancer. 
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Introduction 

Peripheral artery disease (PAD) is a common 
manifestation of systemic atherosclerosis and 
its frequency is strongly related to age, rising 
steeply at older ages [1, 2]. Control of cardio-
vascular risk factors and stimulation of angio-
genesis is mandatory in all patients to improve 
the prognosis of PAD. Conservative treatment 
can be effective, which is based on pharmaco-
logic agents (e.g. cholesterol-lowering drugs), 
exercise therapy, etc, whereas surgical revas-
cularization and endovascular interventions 
are usually restricted to symptomatic patients 

who do not respond to or tolerate medical ther-
apy [2]. It has been shown that therapy with 
statin group of cholesterol-lowering drugs may 
improve walking distance and reduce the risk of 
developing new symptoms or worsening claudi-
cation in patients with PAD [3]. The mecha-
nisms by which cholesterol-lowering drugs influ-
ence neovascularization in PAD could be 
attributed to the improvement of endothelial 
function, inhibition of inflammation, modulation 
of cardiovascular remodeling, among others. 

Pravastatin, a member of statin group of cho-
lesterol-lowering drugs, inhibits the enzyme 
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hydroxymethylglutaryl-CoA (HMG-CoA) reduc-
tase [4]. It has been used for the treatment of 
ischemic conditions in addition to hypercholes-
terolemia [4-7], because of its well-known 
pleiotropic effects [8]. For the follow-up of 
patients, reliable and non-invasive imaging 
methods that can assess the efficacy of pro-
angiogenic treatment in PAD are needed [9, 
10]. Various imaging techniques can detect 
changes in extremity blood circulation [10, 11]. 
However, only molecular imaging can provide 
information on both early molecular abnormali-
ties that contribute to the development of PAD 
and the effects of the treatment on the isch-
emic tissues, thereby permitting early interven-
tion and prompt adjustment of the treatment 
protocol. 

Many molecular markers of angiogenesis, such 
as vascular endothelial growth factor receptor 
(VEGFR) and integrins, have been targeted for 
molecular imaging of angiogenesis [12]. 
Another emerging target that has gained 
increasing attention is CD105 (endoglin), a 180 
kDa disulfide-linked homodimeric transmem-
brane protein that is selectively expressed on 
the endothelial cells of newly formed vessels 
[13]. We have recently developed a positron 
emission tomography (PET) tracer for non-inva-
sive imaging of CD105 expression, 64Cu-NOTA-
TRC105 [14, 15], where TRC105 is a chimeric 
monoclonal antibody that binds to both human 
and murine CD105 and NOTA denotes 1,4,7-tri-
azacyclononane-1,4,7-triacetic acid. The CD- 
105 specificity of 64Cu-NOTA-TRC105 in vitro 
and in vivo has been extensively characterized 
in our previous reports though flow cytometry, 
microscopy, in vivo imaging, blocking, as well as 
ex vivo histological studies [14, 15]. In this 
work, we report the use of 64Cu-NOTA-TRC105 
PET for non-invasive and quantitative monitor-
ing of pravastatin-induced angiogenesis in a 
murine hindlimb ischemia model of PAD.

Materials and methods

Synthesis and characterization of 64Cu-NOTA-
TRC105

TRC105 was provided by TRACON Pharma- 
ceuticals (San Diego, CA) and S-2-(4-isothio- 
cyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-
triacetic acid (p-SCN-Bn-NOTA) was purchased 
from Macrocyclics, Inc. (Dallas, TX). 64Cu was 
produced with a CTI RDS 112 cyclotron using 
the 64Ni(p,n)64Cu reaction, which has a specific 

activity of > 5 Ci/µmol at the end-of-bombard-
ment. Detailed synthesis and in vitro/in vivo 
characterization of 64Cu-NOTA-TRC105 have 
been reported previously [14, 15]. In brief, 
NOTA conjugation 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 phosphate-buffered saline (PBS; 
HyClone laboratories, Logan, UT) as the mobile 
phase. For radiolabeling, 64CuCl2 (74 MBq) was 
diluted in 300 μL of 0.1 M sodium acetate buf-
fer (pH 5.5) 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 purified using PD-10 
columns with PBS as the mobile phase. The 
radioactive fractions containing 64Cu-NOTA-
TRC105 were collected and passed through a 
0.2 μm syringe filter for in vivo experiments.

Induction of hindlimb ischemia in mice

All animal studies were conducted under a pro-
tocol approved by the University of Wisconsin 
Institutional Animal Care and Use Committee. 
Right unilateral hindlimb ischemia was induced 
in six-week-old female BALB/c mice (Harlan, 
Indianapolis, IN). Animals were anesthetized 
with 2% isoflurane. The femoral triangle was 
exposed by a modified oblique incision at mid-
abdominal level. Right femoral artery was sepa-
rated from femoral vein and nerve by blunt dis-
section distal to the inguinal ligament. The 
artery was tied proximally and distally with a 
7/0 nylon suture (AROSurgical Corp., Newport 
Beach, CA) and cut sharply between the two 
sutures. A sham procedure was performed on 
the contralateral hindlimb to serve as the inter-
nal control. Of note, the reason for placing the 
incision at the mid-abdominal level was to elim-
inate the possibility of superposition of radioac-
tivity signals from surgical wound and the isch-
emic muscle tissue. 

Pravastatin treatment

After the operation, mice were randomly divid-
ed into 2 groups (7 mice in the treatment group 
and 6 mice in the control group). Pravastatin, 
dissolved in 0.9% sodium chloride solution 
(Hospira Inc., Lake Forest, IL), was injected 
intraperitoneally (i.p.) into the mice in the treat-
ment group at a dose of 2 mg/kg every day 
starting from postoperative day 1 until the end 
of study (postoperative day 24). The dose of 
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pravastatin was determined according to previ-
ous studies [4]. Mice in the control group 
received i.p. injection of 0.9% sodium chloride 
solution daily. 

Laser Doppler imaging of hindlimb perfusion

Three mice from each group were used for seri-
al laser Doppler imaging studies. Baseline laser 
Doppler images were obtained before surgery 
and soon after surgery with a laser Doppler 
imaging system (moorLDI2-HR, Moor instru-
ments, DE, USA). Subsequently, the recovery of 
the ischemic hindlimb was followed by serial 
images obtained on postoperative days 3, 10, 
13, 17, 20, and 24. The mice were kept at 37 
°C throughout the procedure. Average blood 
perfusion in both hindlimb was measured using 
region-of-interest (ROI) analysis. The results 
were expressed as the ratio of ischemic to non-
ischemic hindlimb perfusion. 

PET imaging and biodistribution studies

Four mice from the pravastatin treatment group 
and 3 mice from the control group were sub-
jected to serial PET imaging studies on an 
Inveon microPET/microCT rodent model scan-
ner (Siemens Medical Solutions USA, Inc.). 
Data acquisition, image reconstruction, and 
ROI analysis were carried out in a similar fash-
ion as our previous reports [16-19]. Each 
mouse was intravenously injected with 5-10 
MBq of 64Cu-NOTA-TRC105 and five- to ten-min-
ute static PET scans were performed at various 
time points post-injection (p.i.) with the animals 
maintained under 2% isoflurane anesthesia. 
Quantitative PET data were presented as per-
centage injected dose per gram of tissue 
(%ID/g). 

Immediately after the PET scans on postopera-
tive day 24, biodistribution studies were carried 
out to confirm that the quantitative tracer 
uptake values based on PET imaging and ROI 
analysis accurately represented the radioactiv-
ity distribution. Blood, hindlimb muscle tissue, 
and major organs and tissues were harvested 
and wet-weighted. The radioactivity in the tis-
sue was measured using a Cobra II γ-counter 
(Perkin-Elmer) and presented as %ID/g. 

Histology

Muscle tissues from both the ischemic and 
control hindlimb were frozen in Tissue-Tek O.C.T 
compound (Sakura Finetek U.S.A., Inc. CA). 

Frozen tissue blocks were cut into 5 µm thick 
slices and fixed with cold acetone for 10 min. 
Following 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. Positive areas were visualized using 
AlexaFluor488-labeled goat anti-human IgG 
(Invitrogen, Eugene, OR) and Cy3-labeled don-
key anti-rat IgG (Jackson laboratories, West 
Grove, PA) respectively as the secondary anti-
bodies. All images were acquired with a Nikon 
Eclipse Ti microscope.

Statistical analysis

Data were presented as mean ± SD. The data 
from different groups were compared with 
1-way ANOVA followed by the Tukey’s post hoc 
test if necessary. Differences were considered 
as statistically significant when P < 0.05. Data 
were analyzed with IBM SPSS Statistics 16.0.

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.

Laser Doppler imaging of hindlimb perfusion

Laser Doppler imaging was performed to con-
firm the successful induction of tissue ischemia 
following femoral artery ligation (Figure 1A). 
Soon after ligation, the average hindlimb tissue 
perfusion ratio decreased from 0.90 ± 0.10 to 
0.22 ± 0.08 (n = 3) in the control group and 
from 1.06 ± 0.28 to 0.19 ± 0.04 (n = 3) in the 
pravastatin treatment group. Over the next sev-
eral weeks, hindlimb tissue perfusion ratio in 
the control group on days 3, 10, 13, 17, 20, and 
24 was 0.35 ± 0.13, 0.58 ± 0.22, 0.58 ± 0.05, 
0.81 ± 0.24, 0.89 ± 0.43, and 0.91 ± 0.24 
respectively (n = 3; Figure 1B). Hindlimb tissue 
perfusion ratio in mice treated with pravastatin 
on days 3, 10, 13, 17, 20, and 24 was 0.46 ± 
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0.04, 0.95 ± 0.07, 0.90 ± 0.18, 0.89 ± 0.21, 
0.98 ± 0.32, and 0.98 ± 0.18 respectively. The 
differences between the two groups were sta-
tistically significant on days 10 and 13 (P < 
0.05). Overall, the perfusion in ischemic 
hindlimb recovered to normal level as early as 
day 10 in mice treated with pravastatin, where-
as perfusion in the ischemic hindlimb did not 
return to normal levels until day 20 in the con-
trol group, suggesting that pravastatin can 
stimulate angiogenesis after surgical induction 
of hindlimb ischemia. 

PET imaging and biodistribution studies

64Cu-NOTA-TRC105 PET was carried out on 
days 3, 10, 17, and 24 after surgery to monitor 
CD105 expression non-invasively (Figure 2A). 
On the basis of our previous experience with in 
vivo PET imaging of angiogenesis using 
TRC105-based agents [14, 15, 20], the time 
points of 4, 24, and 48 h p.i. were chosen for 
serial PET scans. At 4 h p.i., there was a rela-
tively high level of blood radioactivity and back-
ground signal 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. [14, 15, 20]. Of note, 
since we placed the initial incision in the mid-
abdominal level, which is well separated from 
the ischemic hindlimb, there was no superposi-
tion of PET signals from the ischemic muscle 
and the scar tissue (high level of angiogenesis 
is also observed during wound healing). 

Uptake of 64Cu-NOTA-TRC105 in the ischemic 
hindlimb was the highest at 48 h p.i., at 14.1 ± 
1.6, 11.4 ± 1.5, 6.2 ± 1.5, and 3.4 ± 1.9 %ID/g 
for the control group on days 3, 10, 17, and 24 
after surgery, respectively (n = 3; Figure 2B). 
64Cu-NOTA-TRC105 uptake in the ischemic 
hindlimb at 48 h p.i. in the pravastatin treated 
mice were 16.4 ± 0.8, 20.5 ± 1.9, 6.9 ± 0.9, 
and 4.9 ± 0.8 %ID/g on days 3, 10, 17, and 24 
after surgery, respectively (n = 4). Comparing 
the two groups, tracer uptake was significantly 
different on day 10 after surgery, corroborating 
the laser Doppler imaging results where pravas-
tatin treated mice have higher level of ischemic 

Figure 1. A: The change of 
blood perfusion in the isch-
emic hindlimb was document-
ed by serial laser Doppler 
imaging. A steep decrease 
in blood flow was observed 
soon after surgical ligation of 
the femoral artery followed 
by a gradual recovery. Treat-
ment: mice were injected with 
pravastatin daily. Control: 
mice were injected with 0.9% 
sodium chloride solution dai-
ly. B: Quantitative data based 
on laser Doppler imaging. 
Blood flow in the ischemic 
hindlimb is expressed as per-
centage of the blood flow in 
the control hindlimb (n = 3). 
Blood flow recovered to near-
normal levels faster in pravas-
tatin treated mice than in the 
control group. *: P < 0.05.
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hindlimb perfusion and angiogenesis than mice 
treated with saline. 64Cu-NOTA-TRC105 uptake 
in the non-operated hindlimb were comparable 
in the two groups (1.9 ± 0.2, 1.5 ± 0.5, 1.5 ± 
0.3, and 1.9 ± 0.3 %ID/g for the control group 
[n = 3] and 1.5 ± 0.1, 0.6 ± 0.1, 1.2 ± 0.1, and 
1.4 ± 0.3 for the treatment group [n = 4] on 
days 3, 10, 17, and 24 respectively), significant-
ly lower than that in the ischemic hindlimb in all 
cases (Figure 2C). Ex vivo biodistribution data 
of 64Cu-NOTA-TRC105 in blood, major organs, 
and tissues after the last PET scans at 48 h p.i. 
are summarized in Figure 3, which corroborat-
ed the findings from non-invasive PET scans 
and confirmed that PET imaging enabled accu-
rate quantification of 64Cu-NOTA-TRC105 
uptake in mice. 

Histology

Representative CD31/CD105 co-staining imag-
es of the ischemic hindlimb muscle in the 
pravastatin treated group are shown in Figure 
4. The highest density of CD105 positive ves-

sels was observed on postoperative day 3 (393 
± 72 vessels/mm2; n = 5) and day 10 (502 ± 54 
vessels/mm2; n = 5). The average number of 
CD105 positive vessels dropped to 84 ± 30 
vessels/mm2 (n = 5) on day 17, whereas no sig-
nificant CD105 staining was observed on day 
24. The difference in CD105 positive vessel 
density between postoperative days 3 and 10 
was not statistically significant, while the differ-
ence between day 17 and day 10 (or day 3) was 
statistically significant (P < 0.05). On day 10, 
the CD105 positive vessel density in the 
pravastatin treated group was significantly 
higher than that of the control group (279 ± 
191 vessels/mm2; n = 5), further validating the 
in vivo laser Doppler and PET imaging results 
and confirmed that pravastatin could stimulate 
angiogenesis in the ischemic hindlimb. 

Discussion

In a previous study, we have demonstrated that 
64Cu-NOTA-TRC105 PET is a suitable technique 

Figure 2. A: Representative coronal PET images at 4, 24, and 48 h post-injection of 64Cu-NOTA-TRC105 on days 
3, 10, 17, and 24 after surgical induction of hindlimb ischemia (white arrows) and daily pravastatin treatment. B: 
%ID/g values of 64Cu-NOTA-TRC105 uptake in the ischemic hindlimb at 4, 24, and 48 h post-injection on days 3, 
10, 17, and 24 after surgery, with (n = 4) or without (n = 3) daily pravastatin treatment. C: In the pravastatin treated 
mice, the differences between 64Cu-NOTA-TRC105 uptake in the ischemic and non-ischemic hindlimb were statisti-
cally significant at all time points examined. n = 4. *: P < 0.05. 
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for non-invasive imaging of ischemia-induced 
angiogenesis in a murine model of PAD [14], 
where a variety of in vitro, in vivo, and ex vivo 
experiments were performed to thoroughly 
characterize the tracer and confirm its CD105 
specificity in vivo. In this work, we demonstrat-
ed that PET is also a suitable technique to mon-
itor the therapeutic response in this model, 
where non-invasive PET imaging could easily 
detect increased uptake of 64Cu-NOTA-TRC105 
(representing CD105 expression level and 
angiogenesis) in response to pravastatin treat-
ment. The temporal course of tracer uptake 
was slightly different from the previous study 
(which peaked at day 3 after surgery), reaching 
a peak on day 10 following surgery and daily 
pravastatin treatment, which correlated well 
with CD105 expression levels as documented 
by immunofluorescence staining. This phenom-
enon is likely due to the existence of a latent 
period for pravastatin to elicit its pro-angiogen-
ic effects and the time it takes for new blood 
vessels to sprout and grow in the ischemic 
hindlimb. 

Various studies have indicated that the statin 
group drugs can restore ischemic limb blood 
flow via upregulation of eNOS/NO (eNOS: endo-
thelial nitric oxide synthase; NO: nitric oxide) 
[21]. Statins can activate protein kinase B (also 
known as Akt) and facilitate the Akt-eNOS inter-
action in endothelial cells, thereby promoting 
the activation/phosphorylation of eNOS and 

angiography, and computed tomography (CT) 
angiography [26]. Contrast angiography pro-
vides detailed information on the vascular 
anatomy and blood circulation in the ischemic 
tissue, but it is an invasive technique that 
requires significant skills and expertise. Newer 
generation vascular imaging strategies (e.g. 
high resolution MR/CT angiography) are less 
invasive than the conventional techniques, 
however they cannot detect changes at the 
molecular level hence are not ideal for (guiding) 
early intervention. PET imaging with small mol-
ecules (e.g. 13N-NH3, 15O-H2O, and 11C-CO2) to 
measure extremity blood flow is similar as con-
ventional angiography, which does not provide 
sufficient information on the molecular mecha-
nisms of tissue ischemia and treatment 
response [27-29]. 

Laser Doppler perfusion imaging is frequently 
used to examine hindlimb perfusion and it can 
give relatively consistent results in small ani-
mal models. The major limitation of this tech-
nique is the limited imaging depth, which can-
not provide reliable information on the subtle 
changes in blood flow in deeper tissues. In 
addition, laser Doppler imaging is mainly used 
for relative blood flow measurements rather 
than accurate absolute measurement of blood 
flow [30]. Furthermore, inflammation resulting 
from skin trauma and release of inflammatory 
paracrine factors (e.g. histamine) may lead to 
significant alterations in blood flow measure-

Figure 3. Biodistribution of 64Cu-NOTA-TRC105 in major organs at 48 h 
post-injection on postoperative day 24 in pravastatin treated mice. 

NO-mediated angiogenesis [22, 
23]. In other reports, it has been 
suggested that statins can 
enhance the stability of eNOS 
mRNA [24]. Another possible 
mechanism of action for statins is 
the mobilization of endothelial 
progenitor cells from bone mar-
row, which can facilitate their 
incorporation into the neovascula-
ture of ischemic tissues [25]. 

A reliable, non-invasive imaging 
method to monitor the molecular 
changes during the course of isch-
emic diseases has long been 
sought after. Molecular imaging 
methods including PET have sig-
nificant advantages over conven-
tional vascular imaging tech-
niques such as contrast angio- 
graphy, magnetic resonance (MR) 
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ment with laser Doppler [31]. In this study, the 
results of laser Doppler imaging and PET imag-
ing correlated quite well, due to the superficial 
location of blood vessels in the mouse hindlimb. 
However, discrepancy between PET and laser 
Doppler imaging results is anticipated in the 
cases of larger animal models and human 
studies. 

PET imaging can offer invaluable biological 
insights on the mechanisms underlying isch-
emia and the response of ischemia to treat-
ment, as demonstrated in this work. Previous 
literature reports on PET imaging of PAD have 
addressed the potential roles of different radio-
nuclides (e.g., 64Cu, 68Ga, and 76Br) and tracers 

for visualization and quantification of various 
molecular markers of angiogenesis under isch-
emic conditions [32-34]. 64Cu was used as the 
PET isotope in this study due to its wide avail-
ability, low cost, and versatile chemistry [35, 
36]. The Emax of 64Cu (656 keV) for its positron 
emission is comparable to 18F, which can give 
PET images with good quality and spatial 
resolution. 

VEGF/VEGFR and αvβ3 integrin are some of the 
most commonly targeted markers of angiogen-
esis for imaging applications [12, 37-40]. 
CD105 is expressed at much higher levels than 
VEGFR and αvβ3 integrin on actively proliferat-
ing endothelial cells, which make it highly desir-

Figure 4. Immunofluorescence staining showed increased CD105 expression in the ischemic hindlimb on postop-
erative days 3 and 10 after daily pravastatin treatment, significantly higher than that on days 17 and 24, as well as 
the control non-ischemic hindlimb. Green: CD105; red: CD31; blue: DAPI. Scale bar: 100 μm.
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able for imaging applications [41]. Tracer 
uptake in the ischemic hindlimb was typically 
reported to be < 2 %ID/g in previous literature 
reports using other tracers [28, 32-34], where-
as uptake of 64Cu-NOTA-TRC105 in this study 
was 10-fold higher (~20 %ID/g). It is worth not-
ing that the signaling pathways of VEGF/VEGFR 
and CD105 are distinct [42]. Therefore, PET 
imaging with tracers that are specific for each 
of these pathways is expected to provide com-
plementary information in future studies. 

Conclusion

64Cu-NOTA-TRC105 PET is a suitable non-inva-
sive tool to monitor the changes in angiogene-
sis level and CD105 expression in response to 
pravastatin treatment in a murine model of 
PAD. Tracer uptake in the ischemic hindlimb 
was persistent and corresponds to the changes 
in CD105 expression level, as validated by vari-
ous in vivo and ex vivo experiments, which can 
be translated into the clinic for non-invasive 
evaluation of angiogenesis. Not limited to PAD, 
64Cu-NOTA-TRC105 PET can also be utilized for 
non-invasive evaluation of other pro-angiogen-
ic/anti-angiogenic drugs in other cardiovascu-
lar diseases and cancer. 
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