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Abstract 

Rate-dependent force production was investigated using small trabecular muscle from control and hypertrophied rat cardiac muscle. 
Cardiac hypertrophy was induced by daily subcutaneous injection of isoproterenol (0.3 mg/kg body weight) for 12 days. The 
force-frequency relationship, for the control rat myocardium, is clearly biphasic. A stepped increase in stimulation frequency from 0.1 to 
0.5 Hz results in a decrease in contractile force (negative phase). However, at higher stimulation frequency above 0.5 Hz, an increased 
contractile force is revealed (positive phase). Membrane action potential duration (APDs0) was used to reflect sarcolemmal Ca 2+ influx. 
The frequency-dependent increase in APDs0 and the ability of nifedipine, a sarcolemmal L-type Ca 2+ channel blocker, to eliminate the 
positive-force frequency response, indicate that sarcolemmal Ca 2+ influx is important for force development at high stimulation 
frequency. Relative Ca 2+ content of sarcoplasmic reticulum is estimated from rapid cooling contractures. The parallel change of rapid 
cooling contractures and twitch force suggests that the sarcoplasmic reticulum Ca 2+ content alters with varying frequencies of 
stimulation. Isoproterenol-induced hypertrophied muscle shows a greater contractile force, increased nifedipine-sensitive force develop- 
ment and prolonged APDso compared to controls. These data suggest a greater availability of intracellular Ca 2+ to activate contraction in 
hypertrophied muscle, possibly by amplified Ca 2+ influx via L-type channel. 
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1. Introduct ion 

High serum levels of catecholamine are associated with 
cardiac hypertrophy (Boluyt et al., 1995; Lakatta, 1993; 
Morgan and Baker, 1991; Womble et al., 1980). Experi- 
mentally, cardiac hypertrophy can be induced by chronic 
exposure of  isoproterenol, a selective [3-adrenoceptor ago- 
nist. Although the detailed mechanisms of  isoproterenol on 
induction of  cardiac hypertrophy are unclear, there is 
evidence for a direct induction of isoproterenol on the 
cardiac growth process (Bishopric and Kedes, 1991; Simp- 
son, 1985). Altered gene expression involved in both cell 
growth and differentiation to chronic isoproterenol expo- 
sure has been related to the development of  myocyte 
hypertrophy (Boluyt et al., 1995; Slotkin et al., 1995). In 
this model of cardiac hypertrophy, an altered contractile 
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function has been widely reported (Baldwin et al., 1982; 
Lakatta, 1993; Morgan and Baker, 1991; Tang and Taylor, 
1996; Taylor et al., t989). Normally, two major CaZ+-de- 
pendent mechanisms regulate force production of  the heart: 
the availability of  intracellular C a  2+ ( [ C a 2 + ] i )  to activate 
the myofilaments, and the sensitivity of the myofilaments 
to [Ca2+]i (Morgan, 1991). Previous study in isoprote- 
renol-induced cardiac hypertrophy shows unchanged re- 
sponsiveness of the myofilaments to C a  2+ (force-pCa 2+ 
relationship) in skinned trabecular muscle, suggesting that 
mechanisms associated with [Ca2+] i transients may be 
selectively altered (Tang and Taylor, 1996). 

T h e  [Ca2+]i transients are initiated when membrane 
depolarization activates Ca 2+ entry through sarcolemmal 
L-type Ca 2+ channels. Calcium influx triggers a large 
Ca 2+ release from the sarcoplasmic reticulum. In rat car- 
diac muscle, most of activator [Ca 2+ ]i which activates the 
contractile apparatus originates from the sarcoplasmic 
reticulum (Bers, 1991; Nabauer and Morad, 1990). Accu- 
mulated evidence has shown that acute administration of 
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isoproterenol can increase the number of  functioning L-type 
Ca 2+ channels (Sperelakis, 1988) and prolong channel 
mean open time (Reuter et al., 1982). These combined 
functional responses will increase total Ca 2+ conductance 
(Sperelakis, 1988). The focus of this study is to gain some 
insight into sarcolemmal C a  2+ influx and sarcoplasmic 
reticulum Ca"-- handling in the adaptation to chronic 
isoproterenol administration. 

In rat cardiac muscle, the prevailing notion is that this 
species possesses either a unique negative or biphasic 
force-frequency relationship, in contrast to other mam- 
malian species which exhibit positive rate-staircase respon- 
siveness (Borzak et al., 1991; Orchard and Lakatta, 1985; 
Schouten and Ter Keurs, 1991; Stemmer and Tai, 1986). 
To our knowledge, the force-frequency relationship has not 
been reported for the isoproterenol-induced hypertrophied 
heart, therefore, the dependence of contractile force on 
beating rates is studied. 

2. Materials and methods 

2.1. Cardiac hypertrophy induction 

Adult female Wistar rats weighing 200-250  g were 
used in this study. The female Wistar rats were chosen 
because the body weights of female rats are relatively 
constant compared to that of  male rats. Therefore, it is 
reasonably accurate to evaluate the growth response of 
heart weight (e.g., expressed as heart weight /body  weight) 
after isoproterenol administration. Cardiac hypertrophy was 
induced during 12 days of daily subcutaneous injections of 
isoproterenol (0.3 m g / k g  body weight) suspended in ster- 
ilized olive oil (Taylor et al., 1989). Control animals 
received an equal volume of olive oil only. Animals were 
fasted 12 h before dissection. Tissue wet weight of the 
right ventricular free wall and the left ventricle plus sep- 
turn was measured after removal of the large vessels, atria, 
and excess connective tissue. Dry weight was estimated 
after dehydrating the samples in an oven for 3 days at 
60°C. 

2.2. Muscle isolation and experimental condition 

The isolation of trabecular muscles has been reported 
previously (Taylor et al., 1989). Briefly, hearts were re- 
moved under ether anesthesia. Thin, free running trabecu- 
lae were dissected between the atrial-ventricular valve and 
the right ventricular wall. The 3.0 m g / m l  3,3-butane dione 
monoxim was used to arrest contraction during isolation of 
trabecular muscles (Armstrong and Ganote, 1991). The 
similar size of trabecular muscle between control and 
hypertrophy (0.026 -+- 0.002 mm 2 (tl = 22) vs. 0.027 ± 
0.006 mm 2 (n = 26)) was carefully chosen in this study. 
The isolated muscle was suspended horizontally between a 
force transducer (Akers 801 senso-nor, Norway) and a 

length adjustment device in a 0.5 ml muscle bath. The 
muscle bath solution contained the salts (raM): NaC1, 
117.1; KCI, 5.0; MgCI 2, 1.2; Na2SO 4, 2.4: NaH2PO 4, 
2.0; NaHCO 3, 27.0; glucose, 10.0 and pH = 7.4. Extracel- 
lular calcium ([Cae+]o) was added from 1 M CaCI 2 stock 
solution to Ca2+-free solution. The solution was oxy- 
genated with 95% O~ and 5% CO, and maintained at 26°C 
during the experiment. In drug studies, nifedipine was 
solubilized in 95% ethanol to provide a 1 mM stock 
solution. Samples were added directly from this stock 
solution to the perfusate to give a final 100 nM solution. 
The addition of nifedipine resulted in 0.01% ( v / v )  ethanol 
in the perfusate and had no effect on contractile force (Post 
et al., 1991). During the experiments the muscle and 
perfusate were protected from light to avoid nifedipine 
photodegradation. Ryanodine was added from 1 mM stock 
aqueous solution to give a final concentration of 100 nM. 
After the addition of these drugs, muscles were equili- 
brated for 30 min at 0.2 Hz before initiating the stimula- 
tion protocols. This period was adequate to provide a 
stable pharmacological effect on contractility. 

Muscles were stimulated at specified rate(s) with a 4 ms 
pulse duration delivered through two platinum electrodes 
connected to a stimulator (Grass $6C). The average sar- 
comere spacing was measured by a video-camera system 
attached to the camera port of the inverted microscope. For 
each muscle, the cross-sectional area was estimated /¥om 
width and thickness measured with an ocular micrometer. 
The contractile force was normalized by cross-section 
areas. For these studies the average diastolic sarcomere 
distance was adjusted so that the control and hypertrophied 
muscles were contracting at a resting sarcomere length of 
approximately 1.90 btm. We selected a shorter diastolic 
sarcomere spacing for a number of reasons: (1) Initial 
studies with hypertrophied muscles showed that, at a shorter 
diastolic length, muscles could maintain stable twitch con- 
tractions for 4 5 h and the muscle could withstand re- 
peated rapid cooling contractures with no evidence of loss 
in contractile function. (2) The development of cardiac 
hypertrophy may result in changes of sarcomere length 
(shorter or longer). The altered sarcomere length will 
affect the comparison of contractile force between control 
and hypertrophy at the same sarcomere length. However, 
the systemic measurement of sarcomere length has elimi- 
nated the possibility of altered sarcomere length in hyper- 
trophied muscle (Tang and Taylor, 1996), the contractile 
force can be compared between control and hypertrophy at 
a given sarcomere length. 

2.3. Rapid cooling contractures 

Rapid cooling of the trabecular muscles was achieved 
by switching perfusate solutions using solenoid valves 
(Cole Parmer) located close to the inlet of the muscle bath. 
The solenoid valves controlled the flow of a bypass system 
(either cold or warm) to the muscle bath. The exchange of 
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warm buffer (26°C) to cold (0-1°C) was typically com- 
pleted in less than 0.4 s as measured by a thermocouple at 
the surface of the muscle. 

2.4. Membrane action potential 

Membrane action potential was measured using stepped 
flexible electrodes (Fedida et al., 1990). The electrode was 
filled with 3 M KC1 and gave a resistance of 15-20 MI~. 
A computer program (Unkelscope) was used to sample 
membrane action potentials (at 2 kHz). The peak ampli- 
tude and the duration of the action potential at 50% of its 
amplitude (APDs0) were routinely calculated using this 
program. Both the action potential and contractile force 
were measured simultaneously. Frequently, single cell im- 
palement using the stepped electrode lasted several hours 
even if the muscle contracted vigorously at high stimula- 
tion frequencies. 

2.5. Statistic analysis 

Data were expressed as means _+ standard error (S.E.). 
All comparisons were performed by either Student's t-test 
or multivaried analysis of variance (MANOVA) using a 
computer program (SYSTATW5). 

3. Results 

3.1. Induction o f  cardiac hypertrophy 

Table 1 shows that repeated injection of low doses of 
isoproterenol can induce a significant degree of cardiac 
hypertrophy which is consistent with previous results (Tang 
and Taylor, 1996). In these experiments, animal body 
weight was similar between control and hypertrophied 
groups (219 g vs. 227 g). There was a 36% increase in the 
whole ventricle tissue mass in the isoproterenol-treated 
group compared to the controls. Since there was no evi- 
dence of increased tissue water content (79% vs. 81%, 
respectively, in control and hypertrophy), these hearts were 
significantly hypertrophied. Regionally, the right ventricle 
achieved a greater degree of hypertrophy than the left 
ventricle (47% vs. 30%). 
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Fig. 1. Influence of stimulation rate on steady-state contractile force. 
Contractile force was normalized by muscle cross-sectional area. Signifi- 
cant differences were revealed throughout all test rates of stimulation 

between control (CON, n =  10) and hypertrophy (HYP, n = 6 )  (not 
labelled, P < 0.001). [Ca 2+ ]e = 0.5 mM. 

3.2. Force-rate relationship in hypertrophy 

An increase in stimulation frequency caused a biphasic 
force-frequency response in both control and hyper- 
trophied muscles (Fig. 1). A stepped increase in stimula- 
tion frequency from 0.1 to 0.5 Hz resulted in a decrease in 
contractile force (negative staircase). At frequencies above 
0.5 Hz, there was clearly an enhanced contractile force 
(positive staircase) in both control and hypertrophied 
groups. The significantly increased contractile force from 
0.5 Hz was found at 1.5 Hz for control ( P  < 0.05) and 
hypertrophied muscles ( P  < 0.001). However, at all fre- 
quencies studied, contractile force in hypertrophied muscle 
was significantly greater compared to the controls. During 
the positive phase of the force-frequency response, hyper- 
trophied muscle showed significantly higher levels of force 
development with increasing frequencies of stimulation. 
To quantitatively reflect the amplified positive phase, the 
slopes of the positive phase were calculated from the 
best-fit lines of developed force vs. stimulation rate and 
showed that the slope was significantly greater in hyper- 
trophied muscles than in controls (3.05 _+ 0.53 ( r  = 0.99) 
vs. 1.03 4- 0.1 ( r  = 0.95), P < 0.001). 

3.3. Effect o f  stimulation rates on the sarcoplasmic reticu- 
lum Ca 2 + content 

Table l 

Chronic effects of isoproterenol on tissue mass 

Parameters Control Hypertrophy Increased ratio 

W V / B W  ( m g / k g )  591.1 +_3.3 802.34- 1.1 a 36% 
L V / B W  ( m g / k g )  481.1 + 1.9 631.3 _+ 1.1 a 30% 
R V / B W  ( m g / k g )  118.34-0.9 173.8-t-0.5 a 47% 

Significant difference from corresponding control value at P < 0.001. 
BW, body weight. WV, tissue dry weight  of whole ventricle. LV, tissue 
dry weight  of left ventricle. RV, tissue dry weight  of right ventricle. 

In rat cardiac muscle, most of activator C a  2+ which 
activates contraction originates from the sarcoplasmic 
reticulum (Bers, 1991; Nabauer and Morad, 1990). Rapid 
cooling of cardiac muscle can open sarcoplasmic reticulum 
Ca 2+ release channel and release almost all of the re- 
leasable sarcoplasmic reticulum C a  2+ and, thus activates a 
contracture. The amplitude of the induced contracture is 
indicative of the releasable sarcoplasmic reticulum Ca 2+ 
content (Bers and Christensen, 1990; Banijamali et al., 
1991). Fig. 2 (top panel) shows an original recording of a 
typical rapid cooling contracture in control muscle which 
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is comparable to that previously reported (Bers and Chris- 
tensen, 1990). Fig. 2 compares contractile force induced by 
electrical stimulation and rapid cooling contracture as a 
function of stimulation frequency. In order to reflect the 
sensitivity of both twitch force and the rapid cooling 
contracture to varied frequencies of stimulation, twitch 
force and rapid cooling contractures were respectively 
normalized by the minimal values at 0.5 Hz. In both 
control and hypertrophied muscles there was roughly a 
parallel change in twitch force and releasable sarcoplasmic 
reticulum Ca 2+ content, suggesting that the releasable 
sarcoplasmic reticulum C a  2+ content was proportional to 
twitch tension. Also, the hypertrophied muscles showed a 
much more sensitive response of the rapid cooling contrac- 
tures at the positive staircase. Although we cannot directly 
evaluate absolute sarcoplasmic reticulum Ca 2+ content, a 
greater response of rapid cooling contractures in hyper- 
trophied muscle during the positive phase suggests a rela- 
tively greater increase in the sarcoplasmic reticulum Ca 2 + 
content with an increased stimulation frequency. 

3.4. Effects o f  stimulation rate on action potential duration 

The most consistent electrophysiological change in hy- 
pertrophied muscle is a prolonged duration of membrane 
action potential (Aronson, 1980; Bouron et al., 1992; 
Keung, 1989; Kleiman and Houser, 1988; Nordin et al., 
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Fig. 2. Effect of stimulation rates on rapid cooling contracture (RCC) and 
contractile force (Fc) in both control (CON, n = 7) and hypertrophy 
(HYP, n = 9). All values of rapid cooling contracture and contractile 
force were normalized by the respectively minimal values at 0.5 Hz. The 
top inset shows an original recording of a rapid cooling contracture 
initiated at an interval of 5 s following last twitch contraction. 
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Fig. 3. Panel (A) shows the original recordings of action potential (AP) 
and twitch force (F), respectively, at 0.2 Hz and 2.5 Hz in control muscle. 

(B) The comparison of APDs0 between control (n = 6) and hypertrophy 
( n =  6) at different rates of stimulation. The significantly increased 

APDs0 in hypertrophy compared to control was revealed at all test rates 
(not labelled, MANOVA, P < 0.05). 

1989; Scamps et al., 1990). APDs0 was considered as an 
appropriate indicator of Ca 2+ influx during action poten- 
tial because: (1) 50% repolarization is at - 3 0  mV to - 2 0  
mV so that APDs0 covers the period of Ca 2+ influx; (2) it 
has been clearly shown that the prolonged action potential 
duration with increasing frequency of stimulation can be 
eliminated by applying L-type Ca 2+ blocker, nifedipine 
(Schouten and Ter Keurs, 1991); (3) in other models of 
hypertrophied rat heart, results of whole cell patch clamp 
have revealed that the prolonged action potential duration 
is due to the increased total number of L-type Ca 2+ 
channels (Keung, 1989; Kleiman and Houser, 1988; 
Scamps et al., 1990). 

A typical, simultaneous recording of membrane poten- 
tial and contractile force at low (0.2 Hz) and high (2.5 Hz) 
stimulation rates is shown in Fig. 3A. In addition to the 
increase of contractile force at high frequency, careful 
examination of the action potentials revealed that the 
duration of action potential was prolonged. Fig. 3B shows 
the response of the APDs0 as a function of stimulation 
rates. In both groups, there was a consistent lengthening of 
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the APDs0 (MANOVA, P < 0.01) with increasing rate of 
stimulation. The absolute value of APDs0 was significantly 
greater in hypertrophy compared with the controls at all 
frequencies of stimulation (MANOVA, P < 0.05). 

3.5. Effects o f  Ca 2 + transport modulators on force-rate 
response 

In intact muscle, it has been shown that ryanodine, at 
nanomolar concentrations, can induce a Ca 2 + leakage from 
the sarcoplasmic reticulum during diastole without influ- 
encing other mechanisms such as myofilament Ca 2+ sensi- 
tivity, Na+-Ca 2+ exchanger and L-type Ca 2+ channel 
function (Banijamali et al., 1991; Lynch, 1991). The con- 
tribution of sarcoplasmic reticulum Ca 2+ loading during 
diastole on the biphasic force frequency response was 
explored by using 100 nM ryanodine. At this concentra- 
tion, ryanodine can induce sarcoplasmic reticulum C a  2+ 

leakage, but still permit sarcoplasmic reticulum Ca 2 + reup- 
take and release during electrically activated contractions 
(Banijamali et al., 1991). In the negative phase, ryanodine 
significantly decreased contractile force and transformed 
this response into a positive relation (Fig. 4) in both 
control (MANOVA, P < 0.001) and hypertrophied 
(MANOVA, P < 0.01) muscles. At frequencies above 0.5 
Hz, ryanodine had no significant effect on the force- 
frequency response in either control or hypertrophied mus- 
cles. These results suggest that sarcoplasmic reticulum 
Ca 2+ loading during diastole dominates the contractile 
force at low frequencies of stimulation. In hypertrophied 
muscle, the elevated contractile force (in the absence of 
ryanodine) at low stimulation frequencies may result from 
an enhanced sarcoplasmic reticulum Ca 2+ loading. In the 
presence of ryanodine the hypertrophied muscles still de- 
veloped greater force in all ranges of frequencies studied 
(Fig. 4), suggesting that other mechanisms, possibly sar- 
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Fig. 5. (A) shows the effect of nifedipine on the biphasic force-frequency 
response. Nifedipine significantly decreased contractile force (P  < 0.05) 
at stimulation rates either above 1.5 Hz in control or 0.5 Hz in hypertro- 
phy (not labelled). CON: control (n = 10); CON + NIF: nifidipine-treated 
control (n = 7); HYP: hypertrophy (n = 6); HYP + NIF: nifidipine-treated 
hypertrophy (n = 6). (B) represents nifedipine-sensitive force develop- 
ment (Nif-Sen F). The nifedipine-sensitive force was calculated by com- 
paring force difference before and after addition of nifedipine. 
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Fig. 4. Effect of ryanodine on the biphasic force-frequency response. 
There was a significant reduction of contractile force after ryanodine 
treatment at stimulation rates below 0.5 Hz in both control (MANOVA, 
P < 0.001) and hypertrophy (MANOVA, P < 0.01) (not labelled). CON: 
control (n = 10); CON + RYAN: ryanodine-treated control (n = 6); HYP: 
hypertrophy (n = 6); HYP+ RYAN: ryanodine-treated hypertrophy (n = 
7). 

colemmal L-type Ca 2+ channel (see below), are also am- 
plified in hypertrophied muscles. 

To determine the contribution of Ca 2+ influx via sar- 
colemmal L-type C a  2+ channel on the biphasic response, 
we exposed muscles to 100 nM nifedipine, which is known 
to block L-type Ca 2+ channel conductance (Post et al., 
1991; Schouten and Ter Keurs, 1991). In contrast to 
ryanodine, nifedipine had little effect at low stimulation 
rates (Fig. 5A). At frequencies greater than 0.5 Hz, 
nifedipine decreased contractile force and transformed the 
positive response to a negative relation in both the control 
and hypertrophied muscles. Nifedipine-sensitive force de- 
velopment was estimated by comparing force difference 
before and after addition of nifedipine at each test rate. 
The different nifedipine-sensitive contractile force for con- 
trol and hypertrophied muscles at each test frequency is 
shown in Fig. 5B. Clearly, there was a significantly greater 
nifedipine-sensitive contractile force in hypertrophied mus- 
cles in the positive force-frequency range, suggesting that 
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Fig. 6. The recirculation fraction of sarcoplasmic reticulum Ca 2+, ' r ' ,  
evaluated by paired rapid cooling contractures. (A) shows an example of 
original recordings at a stimulation rate of 0.2 Hz in control muscle. The 
first rapid cooling contracture (RCC t) was initiated at 5 s intervals 
following last twitch force, rewarmed, then recooled (RCC 2) and re- 
warmed again. RS: rewarming spike. (B) shows ' r '  (RCC 2 /RCC L) as a 
function of stimulation rate. There was no difference in ' r '  between 
control (n = 7) and hypertrophy (n = 6). ' # '  represents increased ' r '  
(P < 0.05) at stimulation rates above 1.0 Hz compared to values at 0.1 
Hz in both groups. 

Ca  2+ influx via sarcolemmal L-type Ca 2+ channels be- 
came amplified during the development of cardiac hyper- 
trophy. 

channels, therefore, no extracellular Ca 2+ influx is in- 
volved in the rapid cooling contracture. When the muscle 
was quickly rewarmed to 26°C, mechanisms responsible to 
remove cytoplasmic Ca 2+, such as sarcoplasmic reticulum 
Ca 2+ resequestration via Ca2+-ATPase and Ca 2+ extru- 
sion via sarcolemmal Na- -Ca  2+ exchanger, were reacti- 
vated. During rewarming, there was a transient increase in 
force (rewarming spike). The rewarming spike was due to 
the rapid recovery of myofilament Ca 2+ sensitivity during 
rewarming. The second rapid cooling contracture (RCC 2) 
was initiated at a time lag less than 3 s after the first rapid 
cooling contracture was rewarmed and returned to com- 
plete relaxation. Because rewarming of the first rapid 
cooling contracture to the complete relaxation represents 
the removal of cytoplasmic Ca 2+ (released from the sarco- 
plasmic reticulum during the first rapid cooling contrac- 
ture) via either sarcoplasmic reticulum Ca 2 +-ATPase pump 
or Na+-Ca 2+ exchanger, the ratio of the second rapid 
cooling contracture normalized by the first rapid cooling 
contracture provides a relative index of  the amount of 
Ca 2+ resequestered by the sarcoplasmic reticulum during 
the rewarming of the first rapid cooling contracture. 

The response of  sarcoplasmic reticulum Ca 2+ recircula- 
tion fraction, ' r '  (RCC2/RCC~),  at various frequencies of 
stimulation was analyzed in both control and hyper- 
trophied muscles (Fig. 6B). Analysis of the ' r '  shows that 
(1) there is no difference in the relative ' r '  between 
control and hypertrophied muscles; (2) the ' r '  is sensitive 
to stimulation frequency and is significantly enhanced 
above 1.0 Hz compared to the values at 0.2 Hz in both 
control and hypertrophied muscles ( P  < 0.05); (3) most of 
released sarcoplasmic reticulum Ca 2+ at the first rapid 
cooling contracture was resequestered by the sarcoplasmic 
reticulum during rewarming, because the second rapid 
cooling contracture produced amplitudes of 58.4-83.4% 
and 58.6-84.2% of the first rapid cooling contracture, 
respectively, in control and hypertrophied muscles at stim- 
ulation rates from 0.2 Hz to 2.5 Hz. 

3.6. Recirculation fraction of  the sarcoplasmic reticulum 
Ca 2 + 

The double rapid cooling contractures were used to 
evaluate the fraction of sarcoplasmic reticulum Ca 2+ se- 
questration following a contraction (Hryshko et al., 1989). 
A typical recording of  paired rapid cooling contractures is 
shown in Fig. 6A. Rapid cooling of the muscle induces 
sarcoplasmic reticulum Ca 2+ release to the cytoplasm and 
subsequently activates a rapid contracture (RCCt). The 
amplitude of rapid cooling contracture has been used as a 
relative index of  releasable sarcoplasmic reticulum Ca 2+ 
content (Bers and Christensen, 1990; Banijamali et al., 
1991). Rapid cooling is neither accompanied by an action 
potential (no electrical stimulation is applied) nor by a 
depolarization of sufficient magnitude to activate ionic 

4. Discussion 

4. I. Altered Ca 2 + handling in hypertrophied muscle 

In general, a change in peak force can be explained by 
either a diminished or an enhanced sarcoplasmic reticulum 
Ca 2+ release in rat myocardium (Bets, 1991; Morgan, 
1991). In this study, the possible involvement of altered 
contractile proteins on the contractile force in hypertrophy 
can be excluded based on our previous force-pCa ~+ results 
in which there is an unchanged sensitivity of myofilaments 
to Ca 2+ (Tang and Taylor, 1996). Therefore, the contrac- 
tile force is believed to reflect free [Ca 2+ ]i concentrations. 
The loading of sarcoplasmic reticulum Ca 2+ for contrac- 
tion is from two primary sources: the Ca 2+ influx via 
sarcolemmal L-type Ca 2- channel and some contribution 
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by sarcolemmal Na+-Ca 2+ exchanger at long resting inter- 
vals, and [Ca ~-+ ]i recirculation between the myoplasm and 
the sareoplasmic reticulum during the relaxation phase 
(Bers and Christensen, 1990). To address whether the 
magnitude of the steady-state peak force is proportional to 
the amount of free [C a  2+ ]i released from the sarcoplasmic 
reticulum at various stimulation rates, we took advantage 
of applying rapid cooling contractures to evaluate the 
sarcoplasmic reticulum C a  2+ release. We reasoned that if 
sarcoplasmic reticulum Ca 2 + loading contributed to devel- 
oped force then the rapid cooling contracture should show 
different changes with altered frequencies of stimulation. 
In this study, twitch force and the rapid cooling contracture 
changed in parallel with varied stimulation frequencies. 
These data argue, that: (1) at all stimulation frequencies 
the releasable sarcoplasmic reticulum C a  2+ is proportional 
to the electrically stimulated twitch force in hypertrophied 
muscles, and (2) in the hypertrophied muscle there is a 
relatively greater increase of the sarcoplasmic reticulum 
C a  2 + with increasing stimulation rate at the positive phase. 

The paired rapid cooling contractures (Fig. 6) revealed 
that there was a significant dependence of recirculation 
fraction of the sarcoplasmic reticulum Ca 2+ on the stimu- 
lation rate in both control and hypertrophied muscles. The 
behavior can be explained on the basis of competitive 
mechanism for cytoplasmic C a  2+ removal between the 
sarcoplasmic reticulum Ca2+-ATPase pump and sarcolem- 
mal Na÷-Ca 2+ exchanger. Normally, there is an increase 
in intracellular Na + concentration with increasing rate of 
stimulation due to more action potentials per unit time 
(Schouten and Ter Keurs, 1991). An increase in intra- 
cellular Na + concentration will inhibit C a  2+ efflux via 
Na+-Ca 2+ exchanger, which favors the competition of the 
sarcoplasmic reticulum Ca2+-ATPase pump and thus in- 
creases the recirculation fraction of sarcoplasmic reticulum 
Ca 2+ with increasing stimulation rate. 

A biphasic force-frequency relationship of rat my- 
ocardium was revealed in this study which is consistent 
with others using isolated trabeculae (Schouten and Ter 
Keurs, 1991) or myocytes (Borzak et al., 1991), suggesting 
that two different mechanisms are involved in the force 
development at different stimulation rates. In hyper- 
trophied muscle, the force development was increased 
throughout all rates and especially, a much more sensitive 
increase of contractile force was shown in the positive 
phase. This implied amplified l e a  2+ ]i transients, especially 
at the positive phase in hypertrophied muscle. 

4.2. Negatit,  e phase  

In both hypertrophied and control muscles, ryanodine- 
treated muscles removed the negative phase and revealed 
only a positive force-frequency response. These results 
support the notion that during low stimulation rates and/or  
in the rest-potentiated state, which is well developed in the 
rat, the negative rate staircase depends primarily on rela- 

tively avid sarcoplasmic reticulum C a  2+ loading due to 
Ca 2+ influx, possibly via Na+-Ca 2+ exchanger (Bets and 
Bridge, 1989; Borzak et al., 1991; Orchard and Lakatta, 
1985; Schouten, 1990; Schouten and Ter Keurs, 1991; 
Stemmer and Tai, 1986). We believe that the Na+-Ca 2+ 
exchanger mainly contributes to C a  2+ influx and loads the 
sarcoplasmic reticulum at lower stimulation frequencies 
based on the following reasons: (1) In the rat, intracellular 
Na + is high enough (12.7 mM) to induce C a  2+ influx via 
the Na*-Ca 2+ exchanger, especially at the longer rest 
intervals (Bers and Christensen, 1990). (2) Ca2+-sensitive 
microelectrode data clearly show a rest induced transsar- 
colemmal C a  2+ influx (Shattock and Bers, 1989). (3) 
Since we blocked the L-type Ca 2+ channels, one of the 
two major C a  2+ influx pathways, developed force still 
remained unchanged at low contraction rates. In the hyper- 
trophied muscles, the greater contractile force at negative 
phase would suggest an amplified C a  2~ influx via the 
Na+-Ca 2+ exchanger. At low stimulation frequencies, if 
the sarcoplasmic reticulum Ca 2+ loading dominates force 
development, this study shows that the ryanodine-treated 
hypertrophied muscle in which sarcoplasmic reticulum 
C a  2+ was unloaded still produced greater contractile force 
than the controls (Fig. 4). One of the explanations is that 
the increased Ca 2+ influx via L-type Ca 2+ channel, as 
revealed by an increased APDs0 throughout all stimulation 
rates, contributes the greater contractile force in the ryan- 
odine-treated hypertrophied muscle. Although the contribu- 
tion of C a  2 + influx via L-type channel to contractile force 
is little at low stimulation rates (Fig. 5A), the amplified 
C a  2+ influx could result in the greater contractile force in 
hypertrophied muscles under conditions of ryanodine treat- 
ment in which a diminished contribution of sarcoplasmic 
reticulum C a  2+ release exists. 

4.3. Posi t ive phase  

Recent studies have proposed that C a  2+ influx via 
sarcolemmal L-type channels contributes force production 
at high stimulation rates in rat myocardium (Borzak et al., 
1991 ; Schouten and Ter Keurs, 1991). In the nifedipine- 
treated muscles, contractile force was significantly dimin- 
ished and the positive phases were converted into negative 
relations in both groups. In this study, the frequency-in- 
duced increase of Ca z+ influx can be also supported by the 
consistently prolonged APDs0. This prolonged APDs0 in 
isoproterenol-induced cardiac hypertrophy is consistent 
with previous results reported by Meszaros (1992). The 
greater absolute value of APDs0 in hypertrophy at all 
stimulation rates suggests an enhanced Ca 2+ influx via 
L-type Ca 2+ channels. Also, in hypertrophied muscle, a 
significantly enhanced nifedipine-sensitive force develop- 
ment was revealed with increasing stimulation frequency 
(Fig. 5B). Therefore, the greater contractile force in hyper- 
trophied muscles results from the amplified Ca 2+ influx 
via L-type Ca 2+ channels. 
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In summary, a biphasic force-frequency responsiveness 
is revealed in both control and hypertrophied muscles. 
Hypertrophied muscle showed a greater contractile force 
and a parallel enhancement of the relative sarcoplasmic 
reticulum Ca 2+ content with various stimulation rates, 
suggesting a higher [Ca2+]i available for activating con- 
traction. The amplified positive phase, nifedipine-sensitive 
force development, and prolonged APDs0 with increasing 
frequency of stimulation suggest an enhanced Ca 2+ influx 
via sarcolemmal L-type Ca 2+ channels in cardiac hyper- 
trophy induced by isoproterenol. 
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