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Aging is generally associated with a decline in several indices of cardiac function. The cellular mechanisms for this
decline are not completely understood. The ability of the myocardium to perform external work (power output) is a critical
aspect of ventricular function. The purpose of this study was to determine the effect of aging on loaded shortening and
power output properties. We measured force—velocity properties in permeabilized (skinned) myocytes from the hearts of
9-, 24-, and 33-month-old male Fisher 344 x Brown Norway F; hybrid rats (F344BN) during loaded contractions using
a force-clamp technique. Power output was calculated by multiplying force and shortening velocity values. We found that
peak power output normalized to maximal force was significantly decreased by 18% and 31% in myocytes from 24- and
33-month-old group, respectively, compared with 9-month group (p < .05). These results suggest that aging is associated
with a significant decrease in the ability of the myocardium to do work.
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T is generally accepted that with age the normal mamma-

lian heart undergoes numerous structural and functional
changes (1-3). At the whole heart level, aging is associated
with a decrease in ejection fraction, fractional shortening,
and velocity of circumferential shortening (3-5). In vivo con-
tractile measurements, such as working heart preparations
(6,7), hemodynamic analyses (5,8), and pressure—
volume measurements (9), have also demonstrated that
aging decreases peak left ventricular pressure and the rate
of pressure generation (+dP/dt).

Age-related decreases in cardiac function may have two
separate but related mechanisms: (a) changes in myocardial
structure related to the loss of functional myocytes or (b) a
change in functional properties of the remaining myocytes
(7,10). Numerous studies have demonstrated age-associated
decreases in myocyte number as a result of apoptosis, necrosis,
or both (11). Because a heart is composed of nondividing
cardiac myocytes with very little potential to regenerate,
even a very low level of cell death could alter the contractile
properties of the myocardium. In response to this loss of
functional myocytes, areas of interstitial fibrosis in the
myocardium have been shown to increase with age, and this
change in the composition of the ventricular wall potentially
increases ventricular stiffness and increases myocardial
dysfunction (2,5,7,8,10).

In addition to this age-related loss of myocytes described
earlier, the surviving myocytes undergo a number of altera-
tions in their contractile properties, and these changes in

contractile properties of remaining myocytes also contrib-
ute to ventricular dysfunction associated with aging. Age-
associated changes in contractile properties of cardiac
muscle preparations include increases in the time to peak
tension development, the half-relaxation time, and decreases
in the rate of tension generation (+dP/dt) and tension decay
(—dP/dt) in papillary muscle preparations (12—14). In addi-
tion, a number of studies have demonstrated that aging
decreases maximal unloaded shortening velocity in papillary
muscles (12), intact myocytes (15), and skinned cardiac
myocytes (6).

Nearly all studies that have addressed changes in myo-
cardial contractile properties with aging have focused on
the properties of isometric tension or unloaded shortening.
Under these conditions, however, the work capacity of
heart, expressed as power output (work/time), is zero. The
functional work capacity of the myocardium is dictated by
both the pressure generating capacity in the ventricle (which
is related to maximal isometric force) and the properties of
myocardial shortening against a load (loaded shortening
velocity). Thus, investigation of the properties of loaded
shortening and power output is fundamental to our under-
standing of the ability of heart to move the blood throughout
the circulation. However, age-related changes in these
contractile properties have not been previously studied. Our
purpose in this study was to determine the effect of aging on
loaded shortening velocity and power output properties in
permeabilized cardiac myocytes. We hypothesized that aging
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would decrease loaded shortening velocity and thus de-
crease the power output in skinned cardiac myocytes.

METHODS

Animals

Male Fisher 344 x Brown Norway F; hybrid rats (F344BN)
of 9 (n=6), 24 (n = 6), and 33 months (n = 6) were obtained
from the National Institute on Aging colony maintained by
Harlan Sprague-Dawley (Indianapolis, IN). Animals were
selected to represent young adults (9 months), middle age
(24 months), and senescent (33 months =50% mortality)
rats. F344BN was chosen because they have been shown to
have a low incidence of age-related common pathologies and
a significantly longer life span than other rat strains, such as
Wistar and Fisher 344 rats (16-19). Rats were individually
housed in clear plastic cages on a 12-h/12-h light/dark cycle
with access to food and water ad libitum. To reduce the stress
associated with shipping and acclimation to a new place,
experiments were begun 1 week after rats’ arrival. Handling
and euthanasia were carried out under the guidelines of
University of Wisconsin—Madison Animal Use and Care
Committee. Rats were anesthetized by inhalation of Halothane,
and the hearts were quickly excised, weighed, and the left
ventricle was cut into several pieces. The pieces were quick
frozen and stored at —80°C for subsequent analysis.

Cardiac Myocyte Preparation, Force—Velocity, and
Force—Power Measurement

The experimental apparatus used for contractile measure-
ments on single myocyte-sized preparations have been
described previously (20). Briefly, single myocyte-sized
preparations were obtained by mechanical disruption of
frozen ventricular tissue, and the myocytes were permeabi-
lized with Triton X-100. Permeabilized (skinned) cardiac
myocyte preparations were attached between a capacitance-
gauge transducer (model 403; Aurora Scientific) and a DC
torque motor (model 308; Aurora Scientific) by placing the
ends of the preparation into stainless steel troughs. The ends
were then secured to the troughs by overlaying a ~0.5 mm
length of 4-0 monofilament suture over each end and then
tying the suture to the trough using a loop of 10-0 monofil-
ament suture. The temperature of the experimental chamber
was maintained to 15 £ 1°C using a Peltier device (Cambion,
Cambridge, MA) connected to a water bath. The entire
mechanical apparatus was mounted on a pneumatic vibration
isolation table with a cut-off frequency of 1 Hz. The length of
the preparation was adjusted so that sarcomere length was
set to 2.3 wm in relaxing solution, and sarcomere length was
monitored using video microscopy throughout the experi-
ment to determine that it did not change significantly during
activation.

The solutions and protocol for force—velocity and power—
load measurements have been previously described (21).

Briefly, the shortening velocity of skinned myocytes was
determined at varied loads. The myocytes were transferred
into activating solution (pCa 4.5), and steady tension was
allowed to develop. The computer then switched the motor
from length control mode to force control mode by applying
a 5 V logic pulse. The myocytes were rapidly stepped to a
predetermined force (expressed as a fraction of that cell’s
maximal isometric force), which was maintained for 250
ms while changes in myocyte length were monitored. Fol-
lowing this force clamp, the myocytes were slackened to
reduce the force to zero to allow measurement of the rela-
tive force during the isotonic shortening period. Measure-
ments at several different force levels were carried out on
each myocyte (about 8-10 force clamps). Force was ex-
pressed normalized to the peak force generated by that cell
during a given activation (P/P,). If the maximal force de-
clined by below 80% during the experimental protocol, that
cell was discarded and the data were not used.

Analysis of Myosin Heavy Chain Isoform Contents

The relative amount of myosin heavy chain (MHC)
isoform of ventricular homogenates was determined with
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
technique using N-N'-Diallyltartardiamide (DATD) as
described previously (22).

Data Analysis and Statistical Analysis

Length traces, force—velocity curves, and force—power
curves were analyzed as previously described (21). Briefly,
force and velocity data were fitted to the Hill equation (23):

(P+a)V +b)=(P, +a)b,

where P is force at velocity V, P, is the peak isometric force,
and a and b are constants with dimensions of force and ve-
locity, respectively. The maximum shortening velocity was
determined from the y-intercept of the best-fit line, extrapo-
lating a force—velocity curve based on raw data. The Force—
power curve was then constructed as the product of force
value and velocity value at each load on the force—velocity
curve. The force at which power output is optimal (Fp,) was
obtained by using the equation (24)

F:)Pt = (a2 +aPo)1/2 -4

Once Fp was determined for each cell, we calculated the
velocity at that force and used that value as Vo, (the velocity
at which power is optimal).

Data were fit to equations using commercial software
(SigmaPlot; Jandel Scientific). Peak power output in each
myocyte was taken from the highest power value on the fit-
ted line. Power output in single myocyte was normalized to
cell mass using the following formula based on an elongated
elliptical shape of the myocytes: muscle mass = volume (V)
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Table 1. Effect of Aging on Physical Characteristics F344BN Rats

9 Months (n = 6)

24 Months (n = 6) 33 Months (n = 6)

Body weight (g) 409.3+£41.7
Ventricular weight (g) 0.95+0.11
Tibia length (mm) 41.3+£0.76
Heart weight/body weight x 1,000 2.32+£0.03
Heart weight/tibia length x 1,000 23.00 £2.66

5752 +33.1% 581.9 £50.6*
1.32+0.12% 1.42+0.17*
43.4+0.38% 46.2£0.43*
2.34+0.23 2.44+0.33

30.41 £2.08%* 30.74 £ 3.68*

Notes: Values are means + SD. n = number of animals.
*Significantly different from 9 months at p <.05.

x density (D); V = L x W2/2667 pl/um?, where V is in pico-
liter; L (Iength) and W (width) are in wm; D = 1.065 (25).
Power output was also normalized for maximal force, and
this value (P/P, x ML/sec) is given in Table 2.

All results were expressed as means * SD. Statistical sig-
nificance was tested with analysis of variance followed by
Fisher’s least significant difference for multiple group com-
parisons. The p < .05 was regarded as significant among
groups.

REsuLTS

Significantly increases in body weight (BW), heart
weight (HW), tibial length (TL), and HW normalized to TL
(HW/TL x 1,000) were found in both 24- and 33-month-old
rats compared with 9-month-old rats. However, no effect of
aging was observed in HW normalized to BW (HW/BW x
1,000) in any group (see Table 1). These results support the
idea that body weight measures, as a method of assessing
myocardial hypertrophy, may be unreliable because body
weight appears to be quite variable in response to perturba-
tions such as exercise, hormonal treatment, or aging (26).

We characterized force—velocity and force—power rela-
tionship in skinned cardiac myocytes from the hearts of 9-,
24-, and 33-month-old rats in two ways as shown in Table 2
and Figures 1 and 2. First, the data for each cell were fitted
to the Hill equation as described in Methods. This analysis
resulted in a value for V,,x (maximal unloaded shortening
velocity) and a value for a/P, (a measure of the curvature of
the F-V relationship). The force—velocity values (both mea-
sured values and the fitted line to the Hill equation) were
converted to power output values by multiplying force and
velocity. The maximum power value from the fitted line was
taken as peak power output for each cell. We then calculated
values for peak power output (normalized for cell mass),
peak power output (normalized for maximal force), Fop (the
relative force at which peak power was reached), and Vo
(the relative velocity at which peak power was reached). All
of these values were then summed for each cell from the
three age groups. These data are presented in Table 2 along
with maximal isometric tension data. Compared with that
seen at 9 months, peak power output (normalized to maximal
force) was decreased by 18% and 31% in myocytes from the
24- and 33-month-old rats, respectively (p < .05; Table 2).
However, differences in maximal force (kN/m?) and Viax

(ML/s, where ML is muscle length at a sarcomere length
[SL] of 2.3 um) were not statistically significant among any
group (Table 2).

To give a measure of the cell-to-cell variability for force—
velocity and force—power relationship, the data was ana-
lyzed as shown in Figures 1 and 2. Figure 1 presents
composite force—velocity curves for myocytes from the
three age groups with the mean £ SD velocity values at each
relative force value. This mean force and velocity data were
then fitted using the Hill equation (shown by solid, dashed,
and dotted lines) resulting in cumulative Vi« and a/P,. This
analysis yielded estimated Vi« values of 1.03, 0.99, and
0.85 ML/s for 9-, 24-, and 33-month-old myocytes, respec-
tively. A force—power curve (see Figure 2) was then con-
structed by multiplying for each cell the velocity by the
force values for each force clamp. The resulting power out-
put values for a predetermined range of forces were then
summed for all myocytes in a given age group, and Figure 2
shows the resulting mean * SD values for normalized power
output plotted against the relative force values for these.

Figure 3a shows a representative gel from the sodium do-
decyl sulfate—polyacrylamide gel electrophoresis analysis of
MHC isoforms in ventricular homogenates from 9-, 24-, and
33-month-old F344BN rats. Figure 3b shows the summary of
the MHC results, in bar graph form, from n = 6 animals per
age group. We found a significant shift in MHC isoform from
o-MHC to B-MHC with aging. The percent o-MHC content
was significantly decreased in both 24- and 33-month-old
groups compared with 9-month-old group (p < .05).

DiscusSION

The primary conclusion from this study was that peak
power output normalized to maximal force (P/P, x ML/s)
was decreased significantly (18% and 31%, respectively) in
24- and 33-month-old myocytes compared with 9-month-old
myocytes (Table 2). This is the first direct study of the effect
of aging on properties of force—velocity and power output in
skinned myocytes, and these results provide evidence that
aging results in a decrease in the capacity of the myocardium
to perform external work that is related to alterations in the
functional properties of remaining myocytes.

Aging has been associated with decreased ventricular
function during multiple phases of the cardiac cycle (9). The
loss of functional myocytes and the subsequent increase in
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Table 2. Mechanical Properties of Myocytes Isolated From 9-, 24-, and 33-Months-Old Rats

Peak Power Peak Power Output (normalized
Maximal Force (kN/m?)  Viax (ML/s) alP, Output (WW/mg) to max force; P/P, x ML/s) Fop(PIP,) Vopt (VIVimax)
9 months (n = 60) 13.87+£9.14 0.87+0.21 0.36£0.10 2.69+1.42 0.085 £ 0.025 0.31+£0.08 0.22%0.05
24 months (n = 49) 14.53 £ 10.26 0.78£0.30  0.24 £ 0.08* 249+2.16 0.070 £ 0.022* 0.29+£0.06 0.14 £0.04*
33 months (n = 55) 14.84 £ 11.27 0.73£0.39 0.19+0.15* 271 +£1.83 0.059 £0.012"* 0.29+0.07 0.13£0.04*

Notes: Values are means = SD. n = number of myocytes; ML= muscle length (measured after attachment); a/P, = measure of the curvature of force—velocity re-
lationship with lower values indicating a greater curve; Peak power output was the highest power determined from best-fit line; P/P, = force relative to maximum
isometric force; Fop = relative force at which power output was optimal, Vo, = relative velocity at which power output was optimal.

*Significantly different from 9 months at p < .05.
+Significantly different from 24 months.

fibrosis in the myocardium (2,5,7,8,10) contributes to in-
creased ventricular stiffness with age. This decrease in com-
pliance (7) affects left ventricular end-diastolic pressure (7),
isovolumic relaxation time (5), and filling in early diastole
(1). Although the diastolic properties of aging heart have
been extensively studied, the effects of aging on the ejection
phase of the cardiac cycle, in which the myocytes shorten
against a load in order to eject blood from the ventricle,
have not been adequately explored at the cellular level. Age-
associated decreases in ejection fraction or fractional short-
ening (3-5) have been demonstrated in whole heart
preparations, but the cellular mechanism(s) for this effect
have not been determined. Unloaded shortening velocity
has been shown to be decreased with aging in papillary
muscles (12), intact myocytes (15), and skinned cardiac
myocytes (6), but the properties that regulate unloaded
shortening and loaded shortening may be different and thus
respond differently to aging.

Unloaded shortening velocity is thought to be limited pri-
marily by the rate of ATP hydrolysis by myosin which then
determines the rate that cross bridges can cycle. Isometric
tension development in the myocardium is determined by
the number of active cross bridges and so is affected by the
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Figure 1. Composite force—velocity curves for myocytes from different
aged rats. Data were compiled from 60, 49, and 55 myocytes for 9-, 24-, and
33-month-old rats, respectively. Isotonic shortening velocity values at each load
were averaged from all myocytes in each group. Data points are presented as
mean * SD. ¢ and dashed line = 33 months old; ¢ and dotted line = 24 months
old; o and solid line = 9 months old. Lines are the best-fit regression line using
the Hill equation as described in Methods.

absolute number of cross bridges as well as by the extent of
activation of the myocytes. Loaded shortening and hence
power and work output are governed by some combination
of these two parameters (ie, number of active cross bridges
and rate of cross-bridge cycling).

In the current study, the decrease in peak power output
with age was not accompanied by a change in maximal
force in skinned cardiac myocytes. This result is consistent
with data reported from measurements in skinned left ven-
tricular trabeculae (27,28), intact papillary muscles (12,29),
and skinned myocytes (6). Maximal unloaded shortening
velocity (Vimax) has been previously shown to be decreased
significantly with aging (6,12), but we did not observe a
significant change in Vi, in the present study. The age-
related shift in MHC isoform content from o-MHC to
B-MHC that we observed would certainly imply that we
should have seen a decrease in Vy,,x in the older myocytes,
so we suggest that our lack of significant effect is likely due
to variability in our measurements. Our Vy,,x values are ob-
tained by extrapolation from loaded shortening values and
thus are greatly affected by small internal load and mea-
surement errors at low forces (30). Previous reports indicat-
ing an age-related decrease in unloaded shortening velocity
measured Vy,,x more directly using the slack test (6,12).
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Figure 2. Force—power curve constructed from force—velocity data. In each
myocyte at each load, force values (expressed as P/P,) were multiplied times
mean velocity values (expressed ML/s) to result in a value of power output for
that load. Data points are means * SD for all cells at that age. ® and dashed line
=33 months old; # and dotted line = 24 months old; © and solid line = 9 months
old. Lines are the best-fit regression line using the Hill equation as in Methods.
Peak power output was taken from the highest point in the best-fit line.
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Figure 3. (a) Representative 6% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis showing the distribution of myosin heavy chain (MHC) iso-
forms in ventricular homogenates from 9-, 24-, and 33-month-old rats. We
found significant differences in MHC isoform content in the 24- and 33-month-
old rats compared with the 9-month-old rats. (b) Bar graph representation of the
MHC isoform distribution in heart homogenates from 9-, 24-, and 33-month-old
rats. Values are expressed as the % of total MHC that is «MHC. *Significantly
different (p < .05) from 9 month.

In our present study, we described age-related effects on
properties of loaded shortening, irrespective of effects on
unloaded shortening velocity. We saw a significant age-
related decreases in both a/P, (a measure of the curvature of
the force—velocity relationship) as well as V,p (the shorten-
ing velocity at which peak power output is reached). Both
alP, and Vg decreased in an age-related way. The decrease
in a/P, suggested an age-associated increase in the curva-
ture of the force—velocity relationship, whereas the decrease
in V,p, indicated that, with age, the shortening velocity at
which power is maximal decreases. Striated muscle is hy-
pothesized to operate at shortening velocities near Vp in
vivo, and thus, this decrease in V,p may have implications
for ventricular function in the intact heart. Both a/P, and
Vopt have previously been shown to be highly influenced by
the MHC isoform expression in skeletal muscle (24) and, in
particular, by the level of B-MHC isoform in cardiac myo-
cytes (31), which is consistent with our result regarding
MHC shifts (discussed below).

As aresult of these decreases in loaded shortening veloc-
ity at intermediate forces, aging significantly decreased
peak power output in single myocytes (Figure 2), and this
decline in power output has significant implications for the
work output of the myocardium. Although peak power out-
put normalized to maximal force (P/P, x ML/s) decreased
in the myocytes from both 24-month-old and 33-month-old
animals, we did not observe a difference in peak power out-
put when normalized to mass (Table 2). This is likely due to

variability in our estimates of muscle mass in our samples.
Estimation of single myocyte size and/or mass is difficult
due to the irregular shape of the myocyte preparations. We
approximated myocyte mass values using a formula de-
scribed in Methods, which is based on the elongated ellipti-
cal shape of rat myocytes, but this method is subject to error
in the estimation of myocyte mass, and this error leads to
significant variability in these values. The peak power out-
put normalized to maximal force (P/P, x ML/s), in which
variations in force were accounted for by normalizing to
maximal force (P,) in that cell and variations in velocity
were accounted for by normalizing to muscle length (ML)
in that cell, gives a more sensitive indication of age-related
changes in peak power output.

The findings of the present study indicated that, while the
age-related loss of myocytes may have significant conse-
quences to ventricular performance, age-related changes in
the contractile properties of the surviving myocytes are also
important in determining myocardial function. Surviving
myocytes in aging myocardium have been shown to have
altered CaZ* handling properties (32-34) as well as altered
mitochondrial function (35), and these cellular changes
likely affect the tension-generating capabilities of the myo-
cardium. Related to our findings of decreased power output
in single myocytes, there is also an age-related change in
contractile protein isoform expression in the myocardium.
It is generally recognized that, in rodents, aging shifts MHC
isoform from a-MHC to 3-MHC (4,6,15,27). B-MHC has a
lower myosin ATPase activity than the o-MHC form and
thus changes in MHC isoform content are likely to lead
to alterations in cross-bridge cycling rate and subsequent
altered contractile properties. Previous studies have demon-
strated that changes in MHC isoform expression in the
myocardium are closely related to changes in contractile
properties (29,36,37) including maximal shortening veloc-
ity, loaded shortening velocity, and peak power output
(38,39). In agreement with previous findings, our result in-
dicated that B-MHC isoform content relative to the total
MHC increased in 24- and 33-month-old groups compared
with 9-month-old group. However, the transition from o.- to
B-MHC begins to occur at relatively young age and in-
creases continually through a senescence (6,27). Our results
are consistent with these earlier findings, as, in our study,
B-MHC isoform content increased significantly between 9
and 24 months but did not increase significantly thereafter
(ie, 33 months). Thus, our study suggests that decreased
power output in myocytes from the old age groups (24 and
33 months) may be partially due to the age-related increase
in B-MHC isoform content, but this increase in B-MHC
isoform content cannot solely be the mechanism responsible
for the decrease in power output with aging because we did not
find any significant differences in MHC composition between
24- and 33-month-old groups, but power output was further
decreased in 33-month-old group compared with 24-month-
old group (Figure 2). More work remains to determine other
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possible age-related changes in contractile proteins that may
explain some of the decrease in myocytes power output.

It has been suggested that the accumulation of advanced
glycation end products may account for some of the age-
associated cardiac contractile dysfunction (40,41). Previ-
ous studies have demonstrated that the levels of myosin
glycation in cardiac muscle are increased with aging (41)
and may account for the decreased myofibrillar ATPase
activity (42), although no data regarding the effects of
increased glycation of myosin on force—velocity or power
output properties have been obtained. When myosin from
skeletal muscle was incubated with glucose, the speed of
actin filament sliding was significantly decreased over time
(43), indicating a potential effect of glycation on shortening
velocity. Thus, combination of age-associated increase in [B-
MHC expression and glycation of myosin may contribute to
the decreased contractile properties with age in cardiac my-
ocytes. Further investigation is needed to fully understand
the mechanisms underlying the decrease in power output in
33-month-old group compared with 24-month-old group.

In summary, we have demonstrated for the first time that
power output properties of rat cardiac myocytes are de-
creased by aging. These alterations are characterized by a
decrease in normalized peak power output and indicate that
altered contractile properties of remaining myocytes can
contribute to age-associated decreases in cardiac function.
This decline in work capacity of myocytes in 33 months is
likely, in part, due to a shift in the MHC isoform content,
from o.-MHC to B-MHC.
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