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AbstrAct

In this study, we tested the use of functional micro-Computed Tomography (microCT) 
imaging combined with near infrared fluorescent (NIRF) probes to directly report the in 
vivo activity of key biomarkers of age-related cardiac failure using progeroid Ercc1 mouse 
models. Mutations in the ERCC1 gene causes diminished DNA damage repair and an ac-
celerated aging phenotype in mice, including cardiovascular aging. We tested the effect 
and kinetics of diminished DNA damage repair on protease activity and apoptosis and 
possible subsequent cardiac failure in vivo. 

Full body Ercc1d/-, cardiomyocyte-specific Ercc1c/- and their Ercc1-proficient controls 
were imaged with contrast enhanced microCT for anatomical reference and to assess car-
diac morphology and function. The NIRF probes MMPSense680™ and Annexin-Vivo750™ 
were used to image matrix metalloprotease activity and apoptosis, respectively. Functional 
microCT analysis was compared to ultrasound imaging and results were validated by 
histology.

Ercc1d/- deficiency resulted in changes in left ventricular geometry and function-
ing at 24 weeks of age; an increase in left ventricular end-diastolic and left ventricular 
end-systolic volume was observed, thereby leading to an overall decrease in stroke volume 
and a substantial reduction in left ventricular ejection fraction. Ercc1-proficient mice 
showed relative stable volumes over time. Moreover, Ercc1d/- deficiency leads to increased 
myocardial apoptosis at 12 and 24 weeks of age, and a gradual increase of MMP activity 
already starting at 6 weeks, suggesting that these processes precede cardiac failure in these 
progeroid Ercc1 mice. Cardiomyocyte-specific inactivation of Ercc1 also led to impaired 
cardiac functioning and increased myocardial apoptosis and MMP activity, indicating that 
Ercc1 deficiency in cardiomyocytes is associated with adverse cardiac remodeling and poor 
cardiac functioning. 

In conclusion, combined microCT and optical imaging allows simultaneous analy-
sis of molecular and functional changes in mouse models for accelerated aging and shows 
that gradual increases in matrix metalloprotease activity is followed by apoptosis and 
cardiac functional decline in progeroid Ercc1 mice. 
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IntroductIon

Cardiovascular diseases (CVDs) persist as one of the leading causes of morbidity and 
mortality in the elderly population worldwide. The incidence and prevalence of numerous 
CVDs, including heart failure, myocardial infarction, atherosclerosis and hypertension, 
increase tremendously after the age of 50 years.1, 2 Many hypotheses have been proposed to 
explain the aging process, but neither appears to be fully satisfactory.3, 4 The accumulation 
of unrepaired DNA damage over time is regarded as one of the driving forces of accelerated 
aging and age-related diseases, as exemplified in mice and patients with genetic defects 
in DNA repair pathways.5, 6 A variety of these genetically altered mice with affected DNA 
repair pathways, demonstrate a strict correlation between the severity of the DNA repair 
defect and the extend of aging pathology and reduced lifespan, suggesting that the load 
of DNA damage directly relates to the rate of aging.6 Several lines of evidence, in experi-
mental as well as clinical studies, support the notion that accumulation of DNA damage, 
secondary to oxidative stress, is involved in the development of age-related CVDs.7 Yet, 
the precise role of DNA damage and related aging on the manifestation of CVDs remains 
elusive and needs further exploration.

One of the most widely studied mouse models of accelerated aging as a consequence 
of increased DNA damage is the Ercc1d/- mouse model. These mice contain one knockout 
allele of the Excision Repair Cross Complementation group 1 (ERCC1) gene, and one pro-
tein truncating mutation, in which the last seven amino acids at the C-terminus of the 
Ercc1 protein are deleted.8 Due to this effect, these animals are deficient in multiple DNA 
repair mechanisms including global genome-and transcription-coupled nucleotide exci-
sion repair, interstrand crosslink repair and homologous recombination.9 Consequently, 
DNA damage accumulation causes these mice to display an accelerated aging phenotype, 
including growth retardation, neurological degeneration and a shortened lifespan. In 
addition, Ercc1d/- mutants display accelerated age-dependent vasodilator dysfunction, in-
creased vascular stiffness, increased blood pressure and vascular cell senescence.10 Hence, 
these mice are useful to explore why DNA damage and aging are crucial components in 
CVD etiology. 

Cardiac aging is a complex process in which many cellular and molecular changes 
occur in the heart, including increases in cardiomyocyte apoptosis, interstitial fibrosis 
and cardiomyocyte hypertrophy. At a functional level, aging is associated with an altered 
left ventricular (LV) diastolic function, diminished LV systolic reserve capacity, decreased 
blood flow and an increased prevalence of atrial fibrillation, eventually leading to a 
reduction in cardiac output and ejection fraction.11 Loss of myocytes, through necrosis 
and apoptosis, has been demonstrated in the aging heart and is thought to contribute 
to the progressive loss of cardiac functioning.12-14 Apoptosis is a tightly regulated cell 
death process that is an important contributor to the development of the cardiovascular 
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system as well as to the adaptation of the cardiovascular system to the continuous chang-
ing environment.15, 16 Progressive apoptosis may lead to a dysbalance between cell death 
and cell renewal, eventually leading to cardiac decline and failure.12, 13 It has been shown 
that unrepaired DNA damage is a trigger for a cell to undergo apoptosis, however, how 
this process contributes to a decline in cardiac performance remains to be elucidated. 
In addition to apoptosis, matrix metalloproteinases (MMPs) are found to participate in 
cardiac tissue remodeling in several CVDs, including myocardial infarction, heart failure 
and development of dilated cardiomyopathy (DCM).17-20 MMPs are a family of proteolytic 
enzymes with the capacity to cleave components of the extracellular matrix, including 
elastin and collagen and thereby promote extracellular matrix turnover and degradation 
of the myocardial wall.21 Clinical evidence suggests that MMP-9 has a significant role in LV 
remodeling and thus can serve as a novel prognostic biomarker for individuals at increased 
risk for CV mortality.22-25 In this study, we therefore focused on apoptosis and MMP activity 
as potential biomarkers of age-related cardiac failure. 

The most commonly used modality to evaluate cardiac functioning is echocar-
diography. However, functional analysis is performed in a 2D-view, and this generates a 
potential risk of inaccurate measurements of the whole heart, especially in small animals. 
In addition, assessment of right ventricular volumes and function remains challenging 
because of the particular shape of the right ventricle wrapped around the LV. This has 
been shown to be particularly unsatisfying in patients with non-standard ventricular 
size and anatomy.26-28 Thus, there is a need for other noninvasive imaging techniques to 
evaluate CVDs. Contrast enhanced micro-Computed Tomography (microCT) imaging has 
been shown to be useful to investigate cardiac function and structure in small animals, 
as it has a high resolution and allows 3D imaging of heart and associated structures, 
providing reliable information about ventricular structure and function.29 Moreover, the 
introduction of in vivo multimodality molecular imaging plays an increasingly pivotal role 
in biomedical and clinical research. MicroCT imaging can be combined with fluorescence 
molecular tomography (FMT) and near infrared fluorescent (NIRF) probe(s), which not 
only provides anatomical and functional data but also allows non-invasive studying of 
molecular targets involved in the development and progression of disease, including CVD, 
in small animals.30-33 NIRF optical molecular imaging offers a new approach to evaluate 
processes involved in cardiac disease and provide valuable insights into different aspect of 
disease development and progression. 

As Ercc1 plays an important role in several DNA damage responses, we hypoth-
esized that intact DNA repair in cardiomyocytes is critical for maintaining normal cardiac 
function and that complete or partial loss of Ercc1 would provoke induced DNA damage, 
apoptosis and subsequent cardiac aging and failure. Furthermore, we tested the use of 
functional microCT imaging combined with NIRF probes targeting apoptosis and MMP 
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activity to directly report on the in vivo activity of these markers of age-related cardiac 
failure.

MAterIAl And Methods

Mouse model

All animal procedures were performed in accordance with the Principles of Laboratory 
Animal Care and Guidelines approved by the Dutch Animal Ethical Committee in full 
accordance with European legislation. As required by Dutch law, formal permission to 
generate and use genetically modified animals was obtained from the responsible local 
and national authorities. Animals were housed in individual ventilated cages under spe-
cific pathogen free conditions and maintained in a controlled environment (20-22˚C, 12 
h light: 12 h dark cycle). They were given ad libitum access to food (maintained on either 
AIN93G synthetic pellets (Research Diet Services B.V.; gross energy content 4.9 kcal/g dry 
mass, digestible energy 3.97 kcal/g) or standard chow diet) and water. 

Male and female animals were used in this experiment. The generation of Ercc1d/- 
and Ercc1+/+ mice has been described previously.8 Ercc1d/- mutants (15% expression of 
the mutant Ercc1 allele), and their wild-type Ercc1+/+ littermates (WT), in an F1 hybrid 
FVB/NJ x C57BL/6J background, were studied at 6, 12 and 24 weeks of age. Mice with 
a cardiomyocyte-specific deletion of ERCC1 (αMHC-Ercc1c/-) were generated using the 
Cre-loxP technology on a similar mixed background. Briefly, a floxed allele of Ercc1 was 
generated by inserting loxP sites in intron 2 and 5, such that Cre recombinase excises 
exons 3–5 of the Ercc1 locus.34-36 Mice harboring two floxed alleles of Ercc1 were crossed 
with hemizygous mice expressing Cre-recombinase under the control of the α-myosin 
heavy chain (αMHC-Cre) promotor. αMHC-Ercc1c/- and their control (cre-) littermates 
were studied at 8 and 16 weeks of age.

In vivo microct-FMt imaging of MMP activity and apoptosis

Mice were imaged with contrast enhanced Quantum FX Micro-computed Tomography (mi-
croCT) (Perkin Elmer Inc., Akron, Ohio, USA) for anatomical reference and to assess cardiac 
morphology and function. The NIRF probes MMPSense680™ and Annexin-Vivo750™ (Per-
kin Elmer Inc.) were used to image matrix metalloprotease (MMP) activity and apoptosis, 
respectively and imaged with the FMT 2500 fluorescence tomography in vivo imaging system 
(Perkin Elmer Inc.). The MMPsense probe is optically silent in a non-active state and becomes 
highly fluorescent following protease-mediated activation by MMPs, including MMP-2, -3, 
-9 and -13, whereas Annexin-Vivo binds to phosphatidylserine, which is exposed on the outer 
leaflet of the cell membrane lipid bilayer during the early stages of apoptosis. Briefly, mice 
were injected intravenously with MMPSense680™ (2 nmol/25 gram bodyweight in 100µl 
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PBS) 24 hours before microCT-FMT imaging. Mice were anaesthetized (1.5-2.5% isoflurane, 
O2 1 L/min) and depilated to minimize the interference of fur on the fluorescent signal. 
2 hours before FMT imaging, mice were injected intravenously with Annexin-Vivo750™. 
Before microCT imaging (Perkin Elmer Inc.), mice were injected in the tail vein with the 
iodinated contrast agent eXIA160 (Binitio Biomedical Inc., Ottawa, Canada), positioned 
in the imaging cassette and restrained to prevent movement during imaging. Mice were 
scanned using intrinsic cardiac respiratory gating to reduce artifacts caused by breathing or 
cardiac motion. After microCT imaging, mice remained under anesthesia and the cassette 
was transferred to the FMT 2500 fluorescent tomography in vivo imaging system (Perkin 
Elmer Inc.). FMT imaging was performed using 680 and 700 nm excitation and emission 
wavelengths, respectively, 24 hours after injection of MMPSense680™. The multimodal ani-
mal cassette facilitates the coregistration of FMT and CT data through fiducial landmarks. 
FMT and microCT data were merged using the Amide software and in vivo fluorescence was 
quantified. Functional parameters were calculated from the 3D microCT images with the 
help of the software ANALYZE® 12.0 (AnalyzeDirect Inc., Overland Parks, KS, USA).  

Ex vivo fluorescent imaging of excised hearts

After in vivo microCT-FMT imaging, mice were euthanized using an overdose of inhalant 
anesthetic isoflurane. Hearts were excised, emersion fixed in formalin and assessed for ex 
vivo tissue epifluorescence using the FMT system and the Odyssey® CLx imaging system 
(LI-COR® Biosciences, Lincoln, Nebraska, USA). 

statistical analysis

Data are expressed as the mean±SEM. Differences between groups were evaluated by Stu-
dent’s t-test or ANOVA, and corrected for multiple testing by post-hoc Bonferroni analysis 
when needed. P<0.05 was considered significant. All analyses were performed using IBM 
SPSS Statistics version 20.0 (SPSS Inc., Chicago, IL, USA).

results

Ercc1 deficiency results in changes in lV geometry and functioning 

As previously described, Ercc1d/- mice showed reduced growth, declined body weight and a 
shortened lifespan (of approximately half a year) compared to their control littermates (Fig. 
1a and 1b, and Table 1).37 To investigate the effect of Ercc1d/- deficiency on heart geometry 
and function, anesthetized mice were injected with an iodinated contrast agent and imaged 
with the use of microCT. Imaging revealed an enlargement of the heart chambers in Ercc1d/- 
animals at 24 weeks of age compared to Ercc1d/- animals at 6 and 12 weeks of age. This was 
in striking contrast to the relatively stable volumes in the WT group over time, shown by a 
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volumetric 2D representation of the heart in end-diastole (Fig. 1c). To investigate whether 
normal cardiac function is maintained in Ercc1d/- mice, LV parameters were analyzed. Ercc1d/- 
mice showed an increase in left ventricular end-diastolic (LVED) volume (24-week-old Er-
cc1d/- 33+/-1 mm3 versus 6-week-old Ercc1d/- 27+/-2 mm3; p<0.05; n=22 and n=6, respectively), 
suggesting that the LV chamber is 24% dilated in diastole at 24 weeks of age compared to 
the earlier time points (Fig. 1d and Table 1). In addition, an increase in left ventricular end-

Figure 1. Ercc1 defi ciency results in a shortened lifespan and a deterioration in left ventricular function 
(LV) at 24 weeks of age. a. Lifespan is reduced in Ercc1d/- mice compared to control littermates. b. Repre-
sentative pictures of WT and Ercc1d/- mice and hearts at the age of 24 weeks. c. Representative microCT 
images of the heart in left ventricular end-diastole from WT and Ercc1d/- mice at 24 weeks of age. d. 
MicroCT functional imaging revealed a deterioration in LV function in Ercc1d/- at 24 weeks of age. Data 
is presented as mean±SEM. Statistical signifi cance *P<0.05 and **P< 0.001. 
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systolic (LVES) volume was observed, leading to an overall decrease in stroke volume at 24 
weeks (24-week-old Ercc1d/- 22+/-1 mm3 versus 6-week-old Ercc1d/- 14+/-2 mm3; p<0.05; n=22 
and n=6, respectively). WT mice showed stable volumes over time. Because stroke volume 
decreased while LVED volume increased in Ercc1d/- mice at the age of 24 weeks, there is a sub-
stantial reduction in left ventricular ejection fraction (LVEF) (24-week-old Ercc1d/- 33%+/-2 
versus WT 44%+/-1; p<0.05; n=22 and n=10, respectively). 

Table 1. Left ventricular volumes and global functional indices measured in 6- and 24-week-old WT 
and Ercc1d/- mice. Data represents mean±SEM. Statistical significance *P<0.05 and **P< 0.01. LVEDV, 
left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVSV, left ventricular 
stroke volume; LVEF, left ventricular ejection fraction; LVMV, total left ventricular myocardial volume; 
LVMM, left ventricular myocardial mass; BPM, beats per minute.

control Wt Mutant Ercc1∆/-

6 weeks 24 weeks ∆ % 6 weeks 24 weeks ∆ %
Body weight (g) 26.1 ± 1.38 M

20.7 ± 0.20 F
43.4 ± 1.01 M
28.6 ± 1.42 F

+16
-2

17.3 ± 0.89 M
13.7 ± 0.50 F

13.5 ± 0.32 M
13.3 ± 0.23 F

-13
-10

Heart weight (g) 0.139 ± 0.005 0.148 ± 0.008 +6 0.087 ± 0.003 0.077 ± 0.001 -12

LVEDV (mm3) 54.69 ± 1.53 64.71 ± 2.27 +18 26.68 ± 1.69 33.00 ± 0.55 +24**

LVESV (mm3) 26.74 ± 1.50 36.02 ± 1.39 +35 14.25 ± 1.52 22.16 ± 0.80 +55**

LVSV (mm3) 27.94 ± 2.39 28.69 ± 1.12 +3 12.43 ± 1.26 10.84 ± 0.69 -13

LVEF (%) 50.87 ± 3.35 44.35 ± 0.85 -13 46.82 ± 4.36 32.87 ± 2.10 -30*

LVMV (mm3) 81.92 ± 3.63 93.62 ± 9.30 +14 49.98 ± 2.59 46.25 ± 1.46 -7

LVMM (mg) 86.02 ± 3.81 93.30 ± 9.76 +14 52.48 ± 2.72  48.56 ± 1.53 -7

cardiomyocyte-specific deletion of Ercc1 in the heart leads to impaired cardiac 
functioning

In order to investigate whether the observed cardiac impairment in the Ercc1d/- animals 
was due to loss of Ercc1 in the heart or due to overall age-related systemic organ failure, 
Ercc1 was deleted specifically in the cardiomyocytes of the heart. These αMHC-Ercc1c/- 
mice exhibited normal growth and body weight, similar to control (Table 2), but sub-
sequently showed a reduced lifespan of about 24 weeks (Fig. 2a). From 16 weeks on an 
overall decrease in health and survival was observed. Therefore, cardiac size and function 
were assessed with microCT in 8 and 16-week-old αMHC-Ercc1c/- and control mice. At 16 
weeks, αMHC-Ercc1c/- showed an increase in LVED volume (Ercc1c/- 73+/-6 mm3 versus WT 
57+/-3 mm3; p<0.05; n=4 both groups) as well as an increase in LVES volume (Ercc1c/- 51+/-5 
mm3 versus WT 29+/-3 mm3; p<0.05; n=4 both groups). This suggest that left ventricular 
dilation and systolic dysfunction were present in αMHC-Ercc1c/- at 16 weeks of age (Fig. 
2c). The deterioration of LV function in αMHC-Ercc1c/- mice preceded signs of heart failure 
(Ercc1c/- 30%+/-1 versus WT 50%+/-2; p<0.05; n=6 both groups) (Fig. 2c). These results 
indicate that Ercc1 deficiency in cardiomyocytes is associated with adverse cardiac remod-
eling and poor cardiac functioning. 
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Table 2. Left ventricular volumes and global functional indices measured in 8- and 16-week-old control 
and αMHC-Ercc1c/- mice. Data represents mean ± SEM. Statistical signifi cance *P<0.05 and **P< 0.01. 
LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVSV, left 
ventricular stroke volume; LVEF, left ventricular ejection fraction; BPM, beats per minute.

control cre- aMhc-Ercc1c/-

8 weeks 16 weeks ∆ % 8 weeks 16 weeks ∆ %

Body weight (g) 22.7 ± 1.2 27.8 ± 3.3 +22 21.3 ± 2.1 24.2 ± 2.2 +14

Heart weight (g) 0.111 ± 0.004 0.136 ± 0.007 +22 0.112 ± 0.008 0.130 ± 0.008 +16

LVEDV (mm3) 46.91 ± 1.59 57.26 ± 2.98 +22 50.55 ± 3.07 72.48 ± 5.76 +43

LVESV (mm3) 25.08 ± 1.12 28.85 ± 2.63 +15 29.49 ± 2.25 50.85 ± 4.43 +72

LVSV (mm3) 21.83 ± 1.47 28.42 ± 1.01 +30 21.06 ± 0.82 21.63 ± 1.18 +3

LVEF (%) 46.46 ± 2.14 50.10 ± 2.29 +8 41.76 ± 0.88 29.97 ± 1.18 -28

Figure 2. Specifi c deletion of Ercc1 in cardiomyocytes leads to early onset of left ventricular (LV) dys-
function. a. Specifi c loss of Ercc1 in cardiomyocytes (αMHC-Ercc1c/-) leads to a signifi cant reduction in 
lifespan compared to littermate controls. b. Representative microCT images of the heart from αMHC-
Ercc1c/- mouse and control littermates, showing an increase in size of the heart from the mutant animals 
at the age of 16 weeks. c. MicroCT functional imaging revealed that left ventricular function is impaired 
in αMHC-Ercc1c/- mice. Data is presented as mean±SEM. Statistical signifi cance *P<0.05 and **P< 0.001. 
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Ercc1 defi ciency causes a gradual decrease in lV myocardial mass over ti me

As a lot of patients diagnosed with heart failure have an underlying type of cardiomyopa-
thy, i.e. disease of the myocardium, we quantifi ed the myocardial wall volume and mass 
in Ercc1d/- hearts of 6, 12 and 24 weeks of age, using the microCT data (as indicated in Fig. 
3a). 3D-reconstructed myocardial wall images showed a gradual decrease in myocardial 
mass in Ercc1d/- hearts over time (Fig. 3b). Quantifi cation of the LV wall mass confi rmed 
LV myocardial wall thinning in Ercc1d/- hearts at 24 weeks of age compared to 6-week-old 
Ercc1d/- mice, whereas the LV myocardial wall mass of WT mice increased from 6 until 24 
weeks of age (Fig. 3c).

Ercc1 defi ciency leads to increased myocardial apoptosis and MMP acti vity

To investigate whether we could, non-invasively, detect apoptotic cells in the aging Ercc1d/- 
hearts, we injected these animals with the NIRF probe Annexin-Vivo750™ that binds to 
phosphatidylserine which is exposed on the outer leafl et of the cell membrane lipid bilayer 
during the early stages of apoptosis. MicroCT-FMT-reconstructed 3D images showed an 
increased intensity of Annexin-Vivo in Ercc1d/- compared to WT mice, at 24 weeks of age 
(Fig. 4a). Quantifi cation of the in vivo fl uorescent signal revealed signifi cantly increased 
myocardial apoptosis in Ercc1d/- mice at all ages when compared to WT (24 weeks 164+/-25 

Figure 3. Ercc1D/- mice causes a gradual decrease in LV myocardial mass over time. a. Representative 
microCT images of a WT heart in which the myocardial wall is selected (red) for analysis. b. 3D re-
constructed myocardial wall images of WT and Ercc1d/-hearts over time show a gradual thinning of the 
myocardial wall in 24-week-old Ercc1d/-hearts. c. Quantifi cation of the left ventricular (LV) wall mass 
confi rmed a trend in LV myocardial wall thinning in Ercc1d/- hearts at 24 weeks of age.  Data is presented 
as mean±SEM. Statistical signifi cance *P<0.05 and **P< 0.001.
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versus 16+/-3 pmol/g, respectively; p<0.001; n=8 vs n=5) (Fig. 4b). 2D tissue epifl uores-
cence imaging of excised hearts confi rmed the increased fl uorescence seen noninvasively 
by FMT in the Ercc1d/- mice (Fig. 4c and d). In addition, representative heart sections were 

Figure 4. Ercc1 defi ciency leads to increased myocardial apoptosis. a. In vivo fl uorescent imaging of 
apoptosis in the heart in Ercc1d/- mice compared to WT, at 24 weeks of age. Signal from the other tis-
sues is excluded for clarity. b. In vivo quantitative data, by dual fusion of FMT and CT imaging, revealed 
increased myocardial apoptosis in Ercc1d/- mice at 12 and 24 weeks of age. c. Epifl uorescence images of 
the heart, obtained with an odyssey imaging system, show an increase in apoptotic signal at 24 weeks 
of age in the Ercc1d/- mice compared to WT. d. Quantifi cation of 2D tissue epifl uorescence imaging of 
excised hearts confi rmed the increased fl uorescence in the Ercc1d/- mice. e. Representative heart sections 
showed that the NIRF fl uorescence of the injected Annexin-Vivo probe was detected on the membrane 
of cells. f. Immunohistochemistry confi rmed the presence of apoptotic cells in the myocardium of 12 
and 18 weeks old Ercc1d/- mice. Data is presented as mean±SEM. Statistical signifi cance *P<0.05 and 
**P< 0.001
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examined under a fl uorescent microscope, which showed that the NIRF fl uorescence of 
the injected Annexin-Vivo probe was detected on the membrane of cells (Fig. 4e). Im-
munohistochemistry confi rmed the presence of apoptotic cells in the myocardium of 12 
weeks old Ercc1d/- mice (Fig. 4f). TUNEL staining revealed a greater occurrence of apop-
totic myocytes in Ercc1d/- hearts, whereas only a few TUNEL-positive cells were detected 
in WT hearts. Apoptotic cells were located throughout the whole myocardium. As shown 
in Figure 4f, quantifi cation of cardiomyocyte apoptosis by TUNEL staining demonstrated 
an approximate 2-fold increase in Ercc1d/- hearts compared to WT hearts. Since MMPs 
participate in cardiac remodeling after acute injury and are involved in the breakdown of 
the myocardium, we injected the accelerated aging Ercc1d/- mice with the MMP-specifi c 
activatable NIRF probe MMPSense680™ to detect possibly increased MMP activity in 
the Ercc1d/- hearts. We subsequently determined tissue epifl uorescence levels in excised 
hearts using the Odyssey imaging system. At 6 and 24 weeks of age, Ercc1d- hearts showed 
increased MMP activity compared to WT hearts (Fig. 5a and b). 

dIscussIon

Research focusing on age-related diseases in humans carries unique challenges, because 
of its complexity as well as the time involved, thus the need remains for preclinical studies 
based on animal models that resemble the clinical setting of age-related diseases at ac-
celerated pace. During the past few decades, many animal models to study certain aspects 
of cardiac aging and related disease have emerged, however, the precise role of DNA repair 
defi ciency and related accelerated aging on CVD remains largely elusive.38, 39 As accumula-
tion of DNA damage is regarded as one of the possible explanations of aging, in this study 

Figure 5. Ercc1 defi ciency results in a gradual increase of MMP activity in the myocardium. a. 2D Tis-
sue epifl uorescence imaging of excised hearts using the Odyssey imaging system. b. Quantifi cation of 
epifl uorescence imaging of excised hearts showed a signifi cant gradual increase of MMP activity at 24 
weeks of age, in the Ercc1d/- mice compared to WT. Data is presented as mean±SEM. Statistical signifi -
cance *P<0.05 and **P< 0.001. 
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we explored the effect of Ercc1 deficiency, leading to defects in DNA repair, on cardiac 
function.4 We evaluated cardiac performance starting at 6 through 24 weeks of age using 
non-invasive microCT imaging. Additionally, we tested the use of functional microCT 
imaging combined with NIRF probes to explore whether we could directly report on the in 
vivo activity of MMP and the occurrence of apoptosis in the aging heart, and investigated 
if these probes can serve as markers for age-related CVD. 

In the present study, we demonstrate that Ercc1 deficiency results in changes in 
geometry and functioning of the heart with age. Adult Ercc1d/- mice exhibited ventricular 
chamber enlargement and LV myocardial wall thinning, however decreased stroke volume/
ejection fraction only occurred at the end of their lifespan (24 weeks). The overall changes 
in the heart and myocardium of the 24-week-old Ercc1d/- mice suggest that Ercc1 deficiency 
contributes to the development of features consistent with progressive DCM, a common 
pathology seen in aged humans.40 DCM is a disease of the myocardium that is character-
ized by ventricular chamber enlargement with a reduction in cardiac performance, often 
accompanied by progressive thinning of the myocardial wall. Several studies have already 
indicated a link between DNA damage and DCM in humans as well animal models. Pa-
tients with DCM, exhibited elevated levels of 8-hydroxy-2-deoxyguanosine (8-OhdG) in 
their serum and myocardium, suggesting an increase in overall oxidative DNA damage 
in this type of cardiac disease.41 Moreover, mitochondrial DNA damage and dysfunction 
have been shown to activate apoptosis and cause DCM.42-44 DNA damage and aging are 
not limited to DCM, but also contribute to other types of CVDs, including heart failure 
and myocardial infarction.45-49 In addition, increasing evidence indicates that therapeutic 
radiation treatment causes various types of DNA damage and consequently can cause 
cardiovascular complications (reviewed within Ishida et al.).46 

The Ercc1d/- mouse model has been well recognized as a model of accelerated aging, 
and as such the pathology observed in these animals could be the result of accelerated sys-
temic organ aging and consequent failure.6, 37 However, as we showed that cardiomyocyte-
specific deletion of Ercc1 identically impaired cardiac functioning, we conclude that Ercc1 
deficiency in the heart results in adverse cardiac remodeling and poor cardiac functioning, 
independently of overall age-related systemic organ failure. Mice with cardiomyocyte-
specific deletion of Ercc1 had an overall lifespan approximately 20 weeks and likely died 
due to the decrease in cardiac performance. However, only at 24 weeks of age the Ercc1d/- 
mice showed a decrease in LVEF. We chose 24 weeks as our end-point because it has been 
previously reported that Ercc1d/-mice have an average lifespan of 24-28 weeks, as shown 
in Figure 1a.37, 50, 51 During their lifetime, these Ercc1d/- animals show numerous acceler-
ated aging features including loss of vision and hearing, dystonia and tremors, kyphosis, 
ataxia and progressive neurodegeneration.50, 52, 53 The exact cause of death in these mice is 
still unknown, but is probably related to the fact that the most vulnerable organ systems 
fail first, thus preventing information acquisition of the aging phenotype on other organ 
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systems, including the heart. Nevertheless, the vast amount on functional, histopatho-
logical, transcriptional, proteomic, metabolomics and ultrastructural data regarding the 
Ercc1d/- mice support the conclusion that these animals copy normal murine aging, and are 
a useful model to study the effect of aging and DNA repair defects on disease development 
and progression (reviewed within Gurkar et al.).54

Hybrid imaging optimized for small animals is very important because of the 
widespread use of genetically engineered mice resembling disease and the need to in vivo 
investigate the functional, anatomical and molecular phenotype of these mice. Imaging of 
the cardiovascular system, especially the right ventricle and the myocardial wall, has been 
quite challenging for a long time. The advances in new and existing imaging modalities 
for small animals, allow more accurate, high resolution, 3D, longitudinal imaging of the 
cardiovascular system and provides rapid translation of new knowledge to the clinic.55 
MicroCT imaging is frequently used for characterization of cardiac function and structure 
in small animals, and current systems now provide cardio-respiratory gating, to minimize 
movement interference.56, 57 The current study used microCT imaging not only to deter-
mine cardiac function but also explore the shape and anatomy of the myocardial wall. 
We could accurately measure the myocardial wall volume and mass, demonstrating that 
Ercc1d/- mice show myocardial wall thinning at 24 weeks of age. Moreover, representative 
microCT images of the Ercc1d/- hearts suggest that the right ventricle is also affected in 
these mice, and analysis and quantification thereof should give us more answers regarding 
the function and geometry of the right ventricle. The microCT is well suited for examina-
tion of cardiac disease in small animals.  

Fluorescent molecular imaging data presented in this study revealed that cardiac 
aging and subsequent failure in the progeroid Ercc1 mice is preceded by a gradual increase 
in MMP activity and an increase in apoptosis. Aging is linked to increased MMP activity 
and extracellular matrix turnover, which could lead to myocardial remodeling thereby 
affecting cardiac performance. Several different types of MMPs are detected in diseased 
hearts, in which MMP-9, in particular, is found to play a key role.24, 58, 59 However, the 
suggestion that MMP-9 can serve as potential plasma markers for cardiac aging might not 
be correct, as the age-associated increase of circulating MMP-9 in mice is in contrast with 
the decrease of circulating MMP-9 found in aging humans.60, 61 This highlights the com-
plexity of the presence and role of MMPs in age-related diseases. The MMPs found in the 
aging heart might be derived from senescent cells and due to the senescence-associated 
secretory phenotype.62 Numerous examples of increased cellular senescence involved in 
age-related pathology have been reported.63 DNA damage is a crucial mediator for cells to 
undergo apoptosis or enter senescence and it was shown that Ercc1 deficient cells undergo 
premature cellular senescence.8 Hence, the increased MMP activity observed in Ercc1d/- 
mice might also be derived from senescent cells, and the use of in vivo molecular imaging 
of MMP activity could help to follow changes in activity over time. Additionally, apoptosis 
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has been suggested to be responsible for a significant amount of cardiomyocyte death 
that contributes to the development and progression of heart failure. Indeed, apoptosis 
has been found in several cardiac diseases.64-66 However, whether there are increases in 
apoptotic cells in failing hearts remains controversial.67 One of the arguments is that the 
TUNEL technique, which detect apoptosis by identifying in situ DNA nicks, is not solely 
specific for programmed cell death but might also label cells that undergo DNA repair.68 
The apoptosis probe we used in this study, Annexin-Vivo750™, binds to phosphatidylser-
ines exposed on the outside of early apoptotic cells and does not detect DNA nicks, and 
therefore holds potential for in vivo identification of apoptosis. Fluorescent imaging of 
Annexin-Vivo in the Ercc1d/- mice, demonstrated that Ercc1 deficiency leads to increased 
myocardial apoptosis already starting at 6 weeks of age before changes in cardiac perfor-
mance occurred. Accordingly, this probe holds important potential for in vivo assessment 
of apoptosis involved in CVDs and can provide valuable insights into early disease detec-
tion. Prevention of cardiovascular disease requires early detection and risk stratification 
before the manifestation of disease. 

In conclusion, this is the first study to show that Ercc1 deficient accelerated aging 
mice develop cardiac pathology which starts with an in vivo gradual increase in MMP 
activity followed by apoptosis, leading to progressive ventricular enlargement, LV myocar-
dial wall thinning and reduction in cardiac performance. The use of microCT is a valuable 
imaging modality to establish cardiac function in small animals as well as explore 3D 
geometric changes throughout the heart. Moreover, combined CT and optical imaging 
allows simultaneous analysis of molecular and functional changes in mouse models for ac-
celerated aging and hold important potential for early disease detection, exploring disease 
progression and the assessment of therapeutic effects.   
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