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(E ideficiency causes a gradual decrease in LV myocardial mass over time

As a lot of patients diagnosed with heart failure have an underlying type of cardiomyopa-
thy, i.e. disease of the myocardium, we quantified the myocardial wall volume and mass
in Ercc1” 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 Ercc1’” hearts over time (Fig. 3b). Quantification of the LV wall mass confirmed
LV myocardial wall thinning in Ercci’ hearts at 24 weeks of age compared to 6-week-old
Ercci’” mice, whereas the LV myocardial wall mass of WT mice increased from 6 until 24

weeks of age (Fig. 3¢).

Figure 3. Ercci”” 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 Erccihearts over time show a gradual thinning of the
myocardial wall in 24-week-old Ercc1hearts. c. Quantification of the left ventricular (LV) wall mass
confirmed a trend in LV myocardial wall thinning in Ercc1?” hearts at 24 weeks of age. Data is presented
as mean+SEM. Statistical significance *P<o.05 and **P< 0.001.

E i deficiency leads to increased myocardial apoptosis and MMP activity

To investigate whether we could, non-invasively, detect apoptotic cells in the aging Ercc1?”
hearts, we injected these animals with the NIRF probe Annexin-Vivoy50™ that binds to
phosphatidylserine which is exposed on the outer leaflet 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 Ercci’” compared to WT mice, at 24 weeks of age
(Fig. 4a). Quantification of the in vivo fluorescent signal revealed significantly increased

myocardial apoptosis in Ercc1?” mice at all ages when compared to WT (24 weeks 164+/-25
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versus 16+/-3 pmol/g, respectively; p<o.001; n=8 vs n=5) (Fig. 4b). 2D tissue epifluores-
cence imaging of excised hearts confirmed the increased fluorescence seen noninvasively

by FMT in the Ercc1” mice (Fig. 4c and d). In addition, representative heart sections were
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Figure 4. Ercci deficiency leads to increased myocardial apoptosis. a. In vivo fluorescent imaging of
apoptosis in the heart in Ercci’” 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 Ercci”” mice at 12 and 24 weeks of age. c. Epifluorescence images of
the heart, obtained with an odyssey imaging system, show an increase in apoptotic signal at 24 weeks
of age in the Ercc1”” mice compared to WT. d. Quantification of 2D tissue epifluorescence imaging of
excised hearts confirmed the increased fluorescence in the Ercc1 mice. e. Representative heart sections
showed that the NIRF fluorescence of the injected Annexin-Vivo probe was detected on the membrane
of cells. f. Immunohistochemistry confirmed the presence of apoptotic cells in the myocardium of 12
and 18 weeks old Ercci’” mice. Data is presented as mean+SEM. Statistical significance *P<0.05 and
**P< 0.001
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examined under a fluorescent microscope, which showed that the NIRF fluorescence of
the injected Annexin-Vivo probe was detected on the membrane of cells (Fig. 4e). Im-
munohistochemistry confirmed the presence of apoptotic cells in the myocardium of 12
weeks old Ercc1”” mice (Fig. 4f). TUNEL staining revealed a greater occurrence of apop-
totic myocytes in Ercci’” 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, quantification of cardiomyocyte apoptosis by TUNEL staining demonstrated
an approximate 2-fold increase in Ercci’” 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 Ercci’” mice with the MMP-specific
activatable NIRF probe MMPSense680™ to detect possibly increased MMP activity in
the Ercc1’” hearts. We subsequently determined tissue epifluorescence levels in excised
hearts using the Odyssey imaging system. At 6 and 24 weeks of age, Ercc1® hearts showed

increased MMP activity compared to WT hearts (Fig. 5a and b).
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Figure 5. Ercci deficiency results in a gradual increase of MMP activity in the myocardium. a. 2D Tis-
sue epifluorescence imaging of excised hearts using the Odyssey imaging system. b. Quantification of
epifluorescence imaging of excised hearts showed a significant gradual increase of MMP activity at 24
weeks of age, in the Ercci’” mice compared to WT. Data is presented as mean+SEM. Statistical signifi-

cance *P<o0.05 and **P< 0.001.

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
deficiency and related accelerated aging on CVD remains largely elusive >** As accumula-

tion of DNA damage is regarded as one of the possible explanations of aging, in this study
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we explored the effect of Ercci deficiency, leading to defects in DNA repair, on cardiac
function.* 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 Ercc: deficiency results in changes in
geometry and functioning of the heart with age. Adult Ercci”” 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 Ercc1” mice suggest that Ercc1 deficiency
contributes to the development of features consistent with progressive DCM, a common
pathology seen in aged humans.** 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.” Moreover, mitochondrial DNA damage and dysfunction
have been shown to activate apoptosis and cause DCM.** DNA damage and aging are
not limited to DCM, but also contribute to other types of CVDs, including heart failure
and myocardial infarction.** 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.).**

The Ercc1’” 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.*

However, as we showed that cardiomyocyte-
specific deletion of Ercci identically impaired cardiac functioning, we conclude that Ercci
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 Ercci 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 Ercci?
mice showed a decrease in LVEF. We chose 24 weeks as our end-point because it has been
previously reported that Ercci'mice have an average lifespan of 24-28 weeks, as shown
in Figure 1a.”” > 5 During their lifetime, these Ercc1’” animals show numerous acceler-
ated aging features including loss of vision and hearing, dystonia and tremors, kyphosis,
ataxia and progressive neurodegeneration.” > > 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
Ercci”” 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.).>

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.”®
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.” > 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
Ercci”” mice show myocardial wall thinning at 24 weeks of age. Moreover, representative
microCT images of the Ercc1?’” 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 Ercci 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-g, in particular, is found to play a key role.** * % However, the
suggestion that MMP-g can serve as potential plasma markers for cardiac aging might not
be correct, as the age-associated increase of circulating MMP-g in mice is in contrast with
the decrease of circulating MMP-g found in aging humans.® ® 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.” Numerous examples of increased cellular senescence involved in
age-related pathology have been reported.” DNA damage is a crucial mediator for cells to
undergo apoptosis or enter senescence and it was shown that Erccr deficient cells undergo
premature cellular senescence.® Hence, the increased MMP activity observed in Ercc1?
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.®**® However, whether there are increases in
apoptotic cells in failing hearts remains controversial.”” 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.*®
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 Ercc1”” mice, demonstrated that Erccr 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 Ercci 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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