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Abstract
Age-related skeletal muscle sarcopenia has been extensively studied and smooth muscle sarcopenia
has been recently described, but age-related cardiac sarcopenia has not been previously examined.
Therefore, we evaluated adult (7.5±0.5 months; n=27) and senescent (31.8±0.4 months; n=26)
C57BL/6J mice for cardiac sarcopenia using physiological, histological, and biochemical
assessments. Mice do not develop hypertension, even into senescence, which allowed us to decouple
vascular effects and monitor cardiac-dependent variables. We then developed a mathematical model
to describe the relationship between age-related changes in cardiac muscle structure and function.
Our results showed that, compared to adult mice, senescent mice demonstrated increased left
ventricular (LV) end diastolic dimension, decreased wall thickness, and decreased ejection fraction,
indicating dilation and reduced contractile performance. Myocyte numbers decreased, and interstitial
fibrosis was punctate but doubled in the senescent mice, indicating reparative fibrosis.
Electrocardiogram analysis showed that PR interval and QRS interval increased and R amplitude
decreased in the senescent mice, indicating prolonged conduction times consistent with increased
fibrosis. Intracellular lipid accumulation was accompanied by a decrease in glycogen stores in the
senescent mice. Mathematical simulation indicated that changes in LV dimension, collagen
deposition, wall stress, and wall stiffness precede LV dysfunction. We conclude that age-related
cardiac sarcopenia occurs in mice and that LV remodeling due to increased end diastolic pressure
could be an underlying mechanism for age-related LV dysfunction.
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1. Introduction
Sarcopenia is defined as age-related muscle atrophy characterized by the involuntary decline
in fatty-free muscle mass, strength, and function (Evans 1995; Morley et al. 2001; Roubenoff
and Castaneda 2001). Sarcopenia is due to both muscle disuse and the inherent biological
deterioration associated with age, which decreases quality of life in the elderly and contributes
significantly to morbidity and mortality. Sarcopenia has been well documented in skeletal
muscle (Lindle et al. 1997; Muller et al. 2006; Melov et al. 2007) and has also been
demonstrated in aortic smooth muscle (Kunieda et al. 2006). Sarcopenia in skeletal muscle is
associated with a decline in protein synthesis, resulting in a decrease in type II fibers and a
decrease in myosin heavy chains (Morley et al. 2001; Hameed et al. 2002). It has not been
determined, however, whether sarcopenia occurs in cardiac muscle. Based on what has been
shown in skeletal muscle, our working definition of cardiac sarcopenia is the age-related
involuntary decline in cardiac myocyte numbers and myocardial function.

Age-related cardiac changes are well described in humans and rats (Khan et al. 2002; Lakatta
2003). Quantitative studies have shown that a continuous loss of myocytes accompanied by
reactive hypertrophy of the remaining cells in aging heart (Anversa et al. 1986; Anversa et al.
1990; Olivetti 1991; Khan et al. 2002). However, it is not clear whether age-related cardiac
sarcopenia is an outcome of these observed changes. Since mice are widely used in
cardiovascular studies, it is important to study cardiac aging in mice. Mice do not develop
hypertension with age, even into senescence (Batkai et al. 2007), which allowed us to evaluate
the cardiac sarcopenia in aging mice independent of vascular effects.

In addition, while various changes in ventricular structure and function have been observed in
aging heart (Lim et al. 1999; Kawaguchi et al. 2003; Li et al. 2005; Batkai et al. 2007), the
relationship between these changes and the underlying mechanism that explains them are
poorly understood.

Mechanical stress induces tissue growth and remodeling (Fung 1993; Taber 1998; Berenji et
al. 2005). Therefore, changes in LV end diastolic pressure can lead to changes in LV wall
stress, structure and function. In addition, LV function and structural changes can also affect
mechanical load and wall stress. Age-related changes in mechanical properties of myocardial
and vascular tissue have been characterized experimentally (Nguyen et al. 2001; Cheitlin
2003), and collagen turnover in response to changes in wall stress has been demonstrated in
adult myocardium (Miller and Tyagi 2002). End-diastolic wall strain is normalized in
hypertrophic remodeling (Emery and Omens 1997). Mathematical models have been used to
describe the dynamics of remodeling in bone, skeletal muscle, and arteries (Fung 1993; Rachev
et al. 1998; Taber 1998), but a model for cardiac aging is lacking. Establishing a cardiac aging
model would provide a tool for us to understand underlying mechanisms and to predict
outcomes.

In order to test the hypothesis that age-related sarcopenia occurs in cardiac muscle, we
evaluated left ventricular muscle mass and function in senescent mice for indications of cardiac
sarcopenia and then developed a mathematical model to characterize the dynamic process of
LV remodeling in aging.

2. Materials and Methods
2.1 Animal procedures

All animal procedures were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, National Academy Press, Washington, DC,
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1996) and were approved by the Institutional Animal Care and Use Committee at the University
of Texas Health Science Center at San Antonio.

Male and female C57BL/6J wild type adult (7.5±0.5 months, n=27, 13 male and 14 female)
and senescent (31.8±0.4 months, n=26, 14 male and 12 female) mice were used. Equal numbers
of males and females were used for each measurement and the results of both male and female
data were combined and analyzed together.

2.2 Noninvasive blood pressure measurements
After 3 training sessions over 1 week, arterial blood pressure was measured in awake mice (6
female and 6 male adult and 6 female and 6 male senescent mice) using a tail-cuff recording
device (Model MC 4000MSP, Hatteras Instruments). Each training session and the recording
session consisted of 15 min equilibration followed by 5 preliminary cycles and 10 measurement
cycles.

2.3 Echocardiography
Transthoracic echocardiography was performed in all mice in this study under light anesthesia
(0.5% isoflurane) with spontaneous respiration. The mice were maintained at ambient body
temperature using a temperature controlled surgical board underneath the mice in a supine
position. Heart rate was determined from a surface electrocardiogram and maintained at a
minimum of 400 beats per min. Two-dimensional targeted M-mode echocardiographic
recordings were obtained with an optimized 15.7 MHz transducer (ATL, HDI 5000). Left
ventricular volumes and wall thickness were measured from the long axis and short axis views,
respectively. Fractional shortening and ejection fraction were then calculated using the
formulas: Fractional shortening = [(End diastolic dimension − End systolic dimension) / End
diastolic dimension] * 100; and Ejection fraction = [(End diastolic volume − End systolic
volume) / End diastolic volume] * 100.

2.4 Electrocardiography (ECG)
Limb-lead electrocardiograms were acquired for all mice at the time of sacrifice. The ECGs
were acquired at 4000HZ using the THM100 electrocardiogram monitoring system for mice
(Indus Instruments), with the mice under light (0.5%) isoflurane anesthesia. An average of 29
±3 cycles were analyzed for each mouse, using the Chart 5.5 electrocardiogram module
(ADInstruments).

2.5 Necropsy measurements
Following echocardiogram and electrocardiogram acquisition, mice were sacrificed under
anesthesia. All mice were initially anesthetized by placing in a flow-through system containing
3-4% isoflurane in a 100% oxygen mix. Following loss of consciousness, the mice were placed
on a modified mask assembly that allows a continuous flow of 2-3% isoflurane in an oxygen
mix. An endotracheal tube was inserted and connected to a rodent ventilator. The ventilator
was set at a volume of 0.20-0.25 cc and a rate of 200-250 cycles/ min maintaining a flow rate
of 2-3% isoflurane. The inhalation anesthetic flow rate was adjusted based upon heart rate,
pedal reflex, and pulse oximetry. Arterial oxygen saturation, pulse rate, breath rate, and pulse
distension were all monitored using the MouseOx™ (STARR Life Science) to confirm
comparable sedation between groups.

Body and lung weights were measured at the time of sacrifice. Wet and dry lung weights were
taken to determine water percentage. Hearts were harvested by two different procedures:
perfusion fixation for histology and snap frozen for biochemical analysis.
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Perfusion fixation—Thirteen adult mice (7 female and 6 male) and thirteen senescent mice
(6 female and 7 male) were used for this protocol. Retrograde perfusion with glutaraldehyde
was achieved by hanging the hearts and perfusing the coronary vasculature by aortic
cannulation at a pressure of 80 mmHg. The hearts were first perfused with cardioplegia for 1
min to arrest them in diastole, and the coronary bed was then perfused for 2 min with 2.5%
glutaraldehyde. Left ventricle (LV) and right ventricle (RV) were then separated and weighed.
The LV was cut in half along the circumference and postfixed in 2.5% glutaradehyde for 24
hours. To determine whether paraffin-embedding affected myocyte cross sectional area
measurements, half of the samples were dehydrated in ethanol and embedded in paraffin, while
the other half of the samples were frozen in OCT media.

Biochemical analysis—Fourteen adult mice (7 female and 7 male) and thirteen senescent
mice (6 female and 7 male) were used for this protocol. Hearts were arrested in diastole by
intraventricular injection of cardioplegia. The LV and RV were separated and weighed. The
LV was then sliced into 3 sections and photographed for gross examination. A biopsy from
the LV apex was used to determine water content by weighing the sample before and after
drying in a 50°C incubator overnight. The mid section was homogenized in soluble and
insoluble buffers for protein extraction and collagen evaluation, and the base of LV was frozen
in OCT media for lipid and glycogen analyses.

2.6 Histology
Myocyte cross sectional area—Glutaraldehyde-fixed sections were stained with
hematoxylin and eosin (H&E). Five regions from each slide were randomly scanned at 40x
magnification, and 10 myocytes were measured from each section using Image-Pro Plus
(Version 5.0.1, MediaCybernetics). Only myocytes with a round shape and central nuclei were
measured, as described previously (Lindsey et al. 2003). Because sections paraffin-embedded
or frozen in OCT media showed similar results, the data for the two techniques were combined.

Myocyte number and inter-myocyte space—Myocyte numbers were quantified by
determining nuclei number (as a percentage of total tissue area) with hematoxylin and eosin
stained sections. Intermyocyte space was calculated as the percent of white space within the
section boundary. Six images were scanned at 100x magnification for each section and then
analyzed with Image-Pro Plus.

Collagen content—Picrosirius red staining was used to stain interstitial collagen on paraffin
sections (Dolber and Spach 1987). Five regions from each slide were randomly scanned at 40x
magnification. The percentage of collagen was measured with Image-Pro Plus.

Glycogen Content—Periodic acid schiff staining was used to detect carbohydrate content
(glycogen) (Vargas et al. 1999). Serial sections digested with amylase were used to evaluate a
same blockpositive control for each sample. Images were scanned at 40x magnification.

Lipid content—Fresh cryosections (5μm) were fixed with formalin and washed with water
and 60% isopropanol after warming up the slides for 30 min at room temperature. Slides were
then stained with freshly prepared oil red o stain for 15 min (Klett et al. 1995). After rinsing
with 60% isopropanol, nuclei were lightly stained by hematoxylin. Images were scanned at
100x magnification.

2.7 Biochemistry
Total protein concentration—Fresh myocardial samples from the mid section of the LV
were homogenized in soluble protein extraction buffer (250 mM sucrose, 1 mM EDTA and 10
mM Tris-HCL, pH 7.4) supplemented with 1x protein inhibitor cocktail (Complete Mini,
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Roche). Following centrifugation at 14,000 rpm for 40 min, the pellets were homogenized in
insoluble protein extraction reagent (Sigma Reagent 4), which contained urea, thiourea, Trizma
and the detergent C7BzO. Both soluble and insoluble homogenates were subsequently
analyzed for protein concentration using the Bradford assay. The insoluble homogenates were
diluted 1:40 to avoid interference from urea. Total protein (5 μg) from each sample (soluble
and insoluble fractions) were separated on 4-12% polyacrylamide gels to confirm concentration
accuracy.

Total collagen concentration—A microplate reader–based quantitation of collagens was
performed as described previously (Ducharme et al. 2000). Briefly, collagen standards and
protein lysates (10 μg total protein) were plated on microtiter wells in triplicate, and dried onto
the plates at 37°C. The wells were stained with 0.1% Sirius red F3BA in saturated picric acid
for 1 hour, and washed with 10 mM HCl and 0.1 mM NaOH. Absorbance was read at 540 nm.
Collagen levels were determined from the collagen standard curve.

2.8 Statistics
All data are expressed as mean±SEM. The unpaired Student's t test was used to compare values
between the two groups. A value of p<0.05 was considered statistically significant.

2.9 Mathematical modeling
To illustrate possible links between changes in LV dimensions, wall properties, mechanical
stress, and LV function, we employed a linear-elastic cylindrical LV model to simulate the
changes in the LV wall during aging. This model is based on the growth-remodeling theory in
biomechanics (Fung 1990; Humphrey 2002; Gleason and Humphrey 2004).

Our underlying hypothesis was that changes in LV dimensions, wall properties, and function
were driven by LV adaptation to mechanical stress. Our model focused on the end-diastolic
properties, because end-diastolic properties have been shown to most influence remodeling
(Emery and Omens 1997). In addition, end-diastolic strain is normalized in hypertrophic
remodeling (Emery and Omens 1997). We assumed that collagen turnover responded to
changes in wall stress, based on previous experimental results of adult myocardium and arteries
(Miller and Tyagi 2002; Gleason and Humphrey 2004). In addition, LV wall volume was
assumed to be the same between the two age groups, since our experimental data showed that
LV mass and total protein concentrations isolated from the adult and senescent groups were
similar.

Let the LV be cylindrical and the free and end diastolic (deformed) radius be denoted by R and
r respectively. The circumferential deformation (stretch ratio λ) of LV was given by

(1)

The wall stress was estimated by Laplace's law

(2)

where p is the LV end diastolic pressure and h is the wall thickness. The linear elastic stress-
strain relationship was approximated by

(3)

where E is the Young's modulus of the LV wall.
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We used the following remodeling rate equation as a first order approximation to account for
age-related changes:

(4),

(5)

where subscript 0 represents the initial values,  is the initial circumferential

deformation ratio,  represents the growth ratio of the LV radius, vc represents the volume
ratio of the collagen in the LV wall, τc and τR are time constants. Accordingly, the wall thickness
can be determined using the constant LV volume assumption and the incompressible conditions
(Fung 1993).

Furthermore, using the mixture theory, the Young's modulus E of the myocardium was
determined by the Young's modulii of muscle and collagen (Fung 1993; Gleason and
Humphrey 2004):

(6)

where Ec, Em and vc, vm are the modulus and volume ratios of myocardial collagen and muscle,
respectively.

These equations were implemented on a PC using Matlab to simulate the cardiac aging process.
Experimental data from the adult mice were used as the initial input.

3. Results
3.1 Changes in left ventricular function

Left ventricular (LV) function in adult and senescent mice was assessed by echocardiography
and electrocardiography, and the results are summarized in Table 1. End diastolic and systolic
dimensions and volume all increased in senescent mice compared to adult mice (all p<0.05),
indicating dilation. LV wall thickness in both the posterior wall and interventricular septum
decreased in senescent mice compared with the adult mice, also indicating dilation. Despite
the decrease in LV function, as evidenced by a 9% decline in ejection fraction, stroke volume
was maintained in the senescent mice. Systolic and diastolic arterial blood pressures were not
different between adult and senescent groups.

Electrocardiogram analysis demonstrated that the PR interval and QRS interval increased and
R amplitude decreased in the senescent mice (Figure 1), indicative of prolonged conduction
times in senescence consistent with increased fibrosis.

3.2 Necropsy results
Body weight, LV mass and right ventricular (RV) mass were similar between the two groups
(Table 2). Compared to adult mice, lung weight significantly increased 17% in the senescent
mice (p<0.05). To determine whether the increase in lung weight indicated pulmonary edema,
wet to dry ratios were calculated. The increase in lung weight was not due to pulmonary edema,
as both groups showed similar percentages of water.
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3.3 Histology and biochemistry results
Myocyte cell numbers, measured by percentage of nuclei, decreased from 6.3±0.4% in adult
mice to 4.9±0.3% in senescent mice (p<0.05) (Figure 2C). Compared with the adult group,
myocyte cross sectional areas increased 30% (p<0.05) (Figure 2D) and interstitial (inter-
myocyte) space increased 62% (p<0.05) (Figure 2E) in the senescent mice. Interstitial fibrosis
was punctate but significantly increased in the senescent mice, indicating reparative fibrosis
(Figure 3). In the senescent mice, oil red o staining revealed increased intracellular lipid
accumulation (Figure 4A and B), while periodic acid schiff staining showed a concomitant
decrease in glycogen stores (Figure 4C and D).

Water composition in the myocardial tissue was not significantly different between groups (71
±1% water for adult vs 69±2% water for senescent; p=0.22). There were also no changes in
total protein, soluble protein, and insoluble protein in the myocardium of the adult and
senescent mice.

3.4 Model simulation results
The model described by equations 1 to 6 indicated that an increase in pressure-induced stress
will stimulate both cell growth and ECM deposition, and thus change the LV dimension and
collagen volume. Collagen deposition increases wall stiffness. The cell growth and ECM
deposition form feedback loops to change the LV end diastolic dimension -- the former is a
positive feedback while the latter is a negative feedback as shown in Figure 5. Furthermore,
the adaptative changes in LV end diastolic dimension feed back to adjust changes in wall stress/
strain.

To simulate age-related remodeling, we used data for adult mice, either from our experimental
measurements or from the literature, as the initial input values (see Table 3). The simulation
time spanned 24 months, corresponding to the difference between the 7.5 month old and 31.5
month old data points. The simulation results (Figure 6) predict changes in wall dimensions
(R) and the corresponding changes in wall thickness (Hd), and collagen volume (vc) with the
same tendency as the experimental results given in Table 1 and Figure 3. By fitting the
dimension and collagen content changes obtained from our experimental measurements, the
time constants τR and τc were determined to be 0.25 and 1.125, respectively. Additionally, the
model simulations predict age-related increases in wall stress σ and elastic modulus E. These
results indicate that the LV dimension, collagen deposition, and wall stress are inter-related.
These results also support the hypothesis that cardiac sarcopenia is associated with stress-
driven remodeling that leads to further LV structural changes in aging mice.

4. Discussion
This study is the first integrated investigation of age-related cardiac sarcopenia in mice using
physiology, histology, and biochemistry assessments in combination with mathematical
modeling. The most important findings of this study are that: (1) in senescent mice, the number
of myocytes decreases while the remaining individual myocytes hypertrophy; intracellular
lipids accumulate with a concomitant decrease in glycogen stores; and interstitial fibrosis
increases, indicative of increased reparative fibrosis. (2) Changes in LV structure are
accompanied by changes in LV function, with decreased LV wall thickness and ejection
fraction indicating dilation and reduced contractile performance in the senescent mice.
Together, these changes are indicative of cardiac sarcopenia. (3) Mathematical modeling
indicates an inter-relationship between these events, suggesting that strain driven remodeling
might be a mechanism for the age-related structural and functional changes. Our results suggest
that age-related cardiac sarcopenia likely contributes to depressed LV function in the absence
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of overt cardiovascular disease, which may contribute to the poor response of the elderly to
cardiac injury.

We and others have previously reported that from middle-age and old-age (but not senescent),
mice showed increases in wall thickness and LV mass, with no difference in ejection fraction
(Burgess et al. 2001; Slama et al. 2004; Lindsey et al. 2005; Rosa et al. 2005). Age-related
cardiac hypertrophy has also been demonstrated in middle-aged and old rats (Yin et al. 1980;
Besse et al. 1993). Anversa and colleagues demonstrated that age-related hypertrophy is a
compensatory mechanism in response to a loss in the total number of cardiomyocytes, primarily
those located in the endocardium (Anversa et al. 1990). Our current results showed that LV
mass was not different between the adult and senescent groups, while myocytes mass decreased
in the senescent group. These results indicate that myocardial compensatory growth that occurs
primarily during the transition from young to middle-age groups, and is maintained into old
age, is decompensated in senescence for a net effect loss of myocyte mass. Myocyte loss with
aging has been identified in the rat, consistent with our results (Katzberg et al. 1977; Korecky
and Rakusan 1978; Anversa et al. 1990). Increased myocyte size, indicated by increased
myocyte cross sectional area, may be an important compensatory mechanism to maintain
normalized cardiac output in unstressed conditions in senescent mice, while LV contractile
performance is depressed. Jan Vijg's laboratory has demonstrated that cell to cell variation in
cardiac myocyte gene expression increases with age, suggesting a stochastic deregulation of
gene expression (Bahar et al. 2006). Whether this deregulation contributes to myocyte loss
remains to be determined.

The electrocardiogram results were consistent with the changes in dimensions and increased
fibrosis. A significant senescent prolongation of the PR interval reflected local fibrotic changes
in the transitional cell zone, compact portion of the AV node, or His-Purkinje system. The
expected prolongation of the QRS complex was also noted in senescence, consistent with
ventricular fibrotic and geometric changes affecting the Purkinje fibers.

Earlier pathological studies in human and in rat have reported increased myocardial fibrosis
in aged hearts (Tomanek et al. 1972; Eghbali et al. 1989; Besse et al. 1993). Similarly our
results showed that the total protein levels were maintained in the senescent group while the
collagen levels were increased. These results indicated that other individual proteins (e.g.,
contractile proteins, membrane proteins and additional extracellular proteins) were likely
decreased. Based on previous measurements on collagen RNA and protein turnover rates
during aging (Meerson et al. 1978; Crie et al. 1981), the increase in total collagen is likely a
reflection of increased synthesis and/or decreased turnover rather than increased mRNA levels.

Furthermore, a metabolic shift from glucose to fat is also indicative of sarcopenia (Rosa et al.
2005; Marzetti and Leeuwenburgh 2006). Increases in both myocardial intracellular and
extracellular lipids and decreases in myocardial glycogen stores in senescent mice suggest that
the transformation rate from lipid to glycogen utilization occurs with aging, so that glycogen
storage in the myocardium is insufficient. In the young healthy myocardium, glycogen is
preferentially oxidized over exogenous glucose and undergoes significant turnover (Goodwin
et al. 1995; Goodwin et al. 1996; Henning et al. 1996). Our results suggest that the decrease
of glycogen storage may contribute to LV dysfunction in senescent mice. Melov and colleagues
recently reported that the skeletal muscle strength of older adults was 59% weaker than younger
adults, indicative of sarcopenia (Melov et al. 2007). Examination of the skeletal muscle
transcriptome revealed enrichment in genes associated with mitochondrial function, suggesting
an age-related mitochondrial impairment. Future studies associating cardiac sarcopenia with
mitochondrial dysfunction would be warranted.
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This study included equal numbers of both male and female mice, in order to determine whether
cardiac sarcopenia occurred in both genders. This study was not designed, however, to evaluate
differences between genders. The prevalence of cardiac disease increases significantly with
age, independent of gender, and we wanted to evaluate whether sarcopenia occurred in both
male and female mice. We did observe some obvious gender differences, including higher
body weights and LV masses in males compared to females at both age groups. Several studies
have reported differences between men and women in skeletal muscle sarcopenia, including
different rates of concentric strength decline and degree of grip strength loss (Hurley 1995;
Castillo et al. 2003). Future studies are needed to determine whether the rate of cardiac
sarcopenia development differs with gender.

There were several limitations in this study. Blood pressure was measured using the tail-cuff
method, which is noninvasive and widely used in mice (Krege et al. 1995). However, we did
not evaluate LV pressures. Therefore, values of LV diastolic blood pressure used in our model
simulation were taken from the literature (Batkai et al. 2007). More studies examining the roles
of other cell types, particularly cardiac fibroblasts, will help to elucidate additional mechanisms
associated with age. Future directions also include evaluating whether therapies such as
exercise training alter the kinetics of age-related cardiac sarcopenia (Kwak et al. 2006).

Nonetheless, using the cylindrical LV model and adaptation equations, we were able to
simulate the temporal changes in LV dimensions structure, and wall stiffness. First, the model
predicted an increase in LV dimension, which agreed with the changes observed in our
experiments and previous studies (Lim et al. 1999; Batkai et al. 2007). Secondly, our model
also predicted an increase in stress and Young's modulus. Though we did not measure the wall
stiffness directly, the predicted results showed the same trends in literatures (Brooks and
Conrad 2000; Lieber et al. 2004). Thirdly, our model results also suggest that these changes
are inter-related and that strain-driven remodeling could be a possible mechanism to link the
observed structural and functional changes in aging mice. While the model constructed in this
project does not include every conceivable parameter, it does demonstrate that the
experimentally observed changes are most likely connected. The model suggests that changes
in the aging heart are part of an adaptation/growth process and involve interactions between
the biological remodeling and mechanical stress. The current model provides a foundation for
further studies to develop a comprehensive model to better describe the LV aging process.
Though limitations exist, modeling provides us a useful tool to simulate LV remodeling process
to illustrate the quantitative relationships between the structural and functional changes and
predict possible outcomes in the aging heart at normal conditions and following pharmacologic
or genetic interventions. Furthermore, the model could also be useful for human aging since
human LV end diastolic pressure shows similar trend of increased LV pressure and end
diastolic dimension with aging (Kawaguchi et al. 2003).

In conclusion, this is the first report to document and mathematically model age-related cardiac
sarcopenia in mice. The decrease in myocyte cell numbers, the increase in individual myocyte
hypertrophy, and the increased reparative fibrosis likely combine to depress left ventricular
function. Cardiac sarcopenia may explain, in part, why elderly patients respond poorly to
cardiovascular events.
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Figure 1.
Representative electrocardiograms (ECGs) in lead II recorded from lightly anesthetized adult
(A; n=27) and senescent (B; n=26) mice. Senescence increased the PR and QRS intervals and
decreased R amplitude (C).
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Figure 2.
H&E staining images in paraffin sections of adult (n=15) and senescent mice (n=14) were
scanned at a magnifications of 40x and 100x. Myocyte cross sectional areas were calculated
from circumstance of myocyte with round and central nuclear measured with the software of
Echo-Station. Compared with adult group, myocyte cross sectional areas increased 40% in
senescent group (p<0.05) (A). Quantitation of the percentage of white space to the total stained
area and blue color staining (hematoxylin) to the pink (Eosin) were performed. Intermyocyte
space increased 62% in senescent group compared with adult group (p<0.05) (B). Myocyte
cell numbers decreased in senescent mice (C).
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Figure 3.
Picrosirius red staining was performed for detection of interstitial collagen on the slides both
in adult (A) and senescent mice (B). Slides were scanned at 40x magnification. The percentages
of red staining to the background (yellow) were quantified with the software of Image-Pro (C).
Interstitial fibrosis was punctate but significantly increased in the senescent mice, indicative
of reparative fibrosis.
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Figure 4.
Intercellular lipids and extracellular lipid were detected by Oil Red O staining with the
cryosections from adult mice (A) and senescent mice (B). Arrows show the positive staining
(red). The images were photographed at 100x magnification. Periodic acid Schiff (PAS)
staining on paraffin embedded slides from adult mice (C) and senescent mice (D) were used
for detection of carbohydrate content (Glycogen). Images were photographed at 40x
magnification. In the senescent mice, oil red o staining revealed increased intracellular lipid
accumulation while periodic acid schiff staining showed a concomitant decrease in glycogen
stores.

Lin et al. Page 16

Exp Gerontol. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
A flow chart illustrating the positive and negative feedback loops that lead to the age-related
LV remodeling. Our working model is that changes in LV structure and function are driven by
LV adaptation to mechanical stress and the model focuses on end diastolic changes (see text
for details). The increase stress and strain activates both negative (collagen deposition and
increased stiffness) and positive (myocyte hypertrophy and increased dimensions) feedback
loops. The end diastolic dimension changes in turn feed back to change the wall stress.
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Figure 6.
Model simulation results of the LV remodeling process with aging based on the model
equations and the flow chart (see equations 1-6 and Figure 5). (A) LV end-diastolic pressure
changes with age. The change in pressure was assumed to be the driving force for the
remodeling (see text for details); (B) Collagen volume ratio changes with aging; (C) End
diastolic LV dimension (radius) changes with age; (D) LV wall mechanical stress changes with
age; and (E) Young's modulus changes with age. See Table 3 for initial input values used in
the simulation.
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Table 1
Echocardiographic and blood pressure measurements.

Adult Senescent p Value

Age (months) 7.5±0.5 31.8±0.4 <0.0001
Heart Rate (beats per min) 484±6 463±7 0.03
End Systolic Dimension (mm) 2.45±0.06 2.86±0.09 <0.001
End Diastolic Dimension (mm) 3.79±0.06 4.15±0.08 <0.001
Fractional Shortening (%) 35±1 31±1 <0.01
Interventricular Septal Wall Thickness (mm; diastolic) 0.81±0.01 0.71±0.02 <0.001
Posterior Wall Thickness (mm; diastolic) 0.80±0.02 0.72±0.02 <0.001
End Systolic Volume (μl) 12.1±0.7 18.6±1.4 <0.001
End Diastolic Volume (μl) 38.4±1.5 45.8±2.4 0.02
Ejection Fraction (%) 69±1 60±2 <0.001
Stroke Volume (μl) 26±1 27±1 0.15
Systolic Blood Pressure (mmHg) 114±3 111±3 0.48
Diastolic Blood Pressure (mmHg) 102±3 102±4 0.96

Data presented are AVG±SEM. Sample sizes for the echocardiographic analysis are 27 adult (14 female and 13 male) and 26 senescent (12 female and
14 male). Sample sizes for the blood pressure measurements are 12 adult (6 female and 6 male) and 12 senescent (6 female and 6 male).
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Table 2
Necropsy results.

Adult Senescent p Value

Body Weight (g) 26.4±0.8 25.2±0.9 0.29
Left Ventricle Mass (mg) 92.6±3.1 93.2±3.7 0.68
Right Ventricle Mass (mg) 25.1±1.0 26.3±1.0 0.92
Lung Weight (mg) 141±3 165±16 <0.01
Lung water composition (%) 78±1 79±1 0.20

Data presented are AVG±SEM. Sample sizes for body weight, left ventricle mass, and right ventricle mass measurements are 27 adult (14 female and 13
male) and 26 senescent (12 female and 14 male). Sample sizes for the lung weight measurements are 12 adult (6 female and 6 male) and 12 senescent (6
female and 6 male).
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Table 3
Input parameter values used in model simulation.

Initial Values
(7.5 months)

Final Values
(31.5 months)

Source

LV End Diastolic radius (rd0; mm) 1.895 2.075 Table 1
LV End Diastolic wall thickness (h0; mm) 0.80 0.72 Table 1
Collagen volume ratio (vc0; %) 2.26 4.77 Figure 3
LV End Diastolic Pressure (mm Hg) 4.5 7.0 (Batkai et al. 2007)
Collagen modulus (Ec0; kPa) 500 (Fung 1993)
Muscle modulus (Em0; kPa) 370 (Fung 1993)

Exp Gerontol. Author manuscript; available in PMC 2009 April 1.


