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Using 22 isolated rat ventricular muscle preparations, we investigated
whether or not the increase in preload and/or contraction frequency may coun­
teract the negative inotropy of both isoflurane (2.0%) and halothane (1.0%). In­
creases in preload from 94% of Lmax (the length where muscles produce the
maximal tension) to Lmax did not alter significantly the percent decrements
in tension development caused by either isoflurane or halothane. The increases
in contraction frequency from 0.1 to 0.6 Hz augmented the depressant effect of
isoflurane significantly (P < 0.001), while the depressant effect of halothane was
not altered at these contraction frequencies. Small but significant counteraction
occurred in the depressant effects of halothane at 0.8 and 1.6 Hz (P = 0.002).
These changes in intracellular mechanism(s), resulted from the increase in con­
traction frequency, interacted with the two anesthetics on tension development,
while these may not be the case for the increase in preload. (Key words: isoflu­
rane, halothane, ryanodine, rat ventricular muscle, length-tension relationship,
frequency-tension relationship)

(Saeki S, Shimosato S, Kosaka F: Frequency and length-dependent tension
development in rat heart muscles exposed to isoflurane and halothane. J Anesth
5: 338-343, 1991)

In the isolated heart muscle, the length
of muscle fiber prior to contraction (preload)
and the frequency of contraction are two
major factors which determine the strength
of developed tension". Recently, one of these
factors, an increase in contraction frequency,
has been shown to counteract the nega­
tive inotropic effects of isofiurane'<" and
halothane". However, it remains to be inves­
tigated whether the augmentation of preload
counteracts the negative inotropic effects of
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these anesthetics' or not.
The augmentation of tension development

by means of increases in preload and con­
traction frequency may involve the different
intracellular mechanism(s)5,6. Thus, we stud­
ied whether or not each of these two factors
do counteract the negative inotropic effects
of either isoflurane, halothane or both.

Methods

Twenty-two male Wistar rats (3 mos old)
were used in this study. Animals were di­
vided into 3 groups. Two groups (n = 8
for each) were used to study the negative
inotropic effects of anesthetics, and the other
group (n = 6) was used to study the de­
pressant effects of ryanodine on the muscle
contraction. All experiments were approved
by the University of Iowa School of Medicine
Animal Use Committee.
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Fig.!. The length-tension relation­
ship (A) and the frequency-tension rela­
tionship (B) in the control state. Preload
level is normalized by Lmax. Asterisks
indicate that the maximal developed ten­
sion in mili Newton (mN) was signif­
icantly different from the next lower
preload level or contraction frequency.
"n" is the number of the muscles studied.
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Fig. 2. The percent changes in the en
maximal developed tension caused by ~

either 2.0% isoflurane (open squares) or ~

1.0% halothane (dark squares) at each B
preload level. There were no significant
difference in the percent changes with
the increases in preload level. "n" is the
number of the muscles studied.
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The trabeculae carneae was excised
rapidly from the left ventricle under light
anesthesia with diethyl-ether. Muscles were
stimulated at 0.4 Hz at Lmax (i.e., the
length where muscles produce the maxi­
mal tension), and superfused with modified
Krebs-Ringer solution (Na" 145; K+ 4.2;
Ca2+ 2.0; Mg2+ 1.2; Cl- 127; HC03 - 25.0;
H2P04 - 1.2; 804

2 - 1.2; and glucose 16.0
mM) at 30D C, equilibrated to pH = 7.4
by constant bubbling with a 95% O2 - 5%
CO 2 gas mixture, producing P02 range of
400-500 mmHg. Both muscle length and ten­
sion were controlled by the Biodyne system7 ,

consisting. of a tension transducer (Cam­
bridge Technology, 408A), a displacement
transducer (Trans-Tek, 28300), a linear vi­
bration motor (Ling, 420), and a servo­
controller (Mead Instrument). Electric sig­
nals from both transducers were recorded
on oscilloscope (Tektronic, 5523) and multi-

channel recorder (Linear, 1800). Basically,
muscles were contracting isotonically, and all
measurements were made on the isometric
twitch, superimposed on the isotonic con­
traction. Previous study in our laboratory
revealed that the preparations were stable
and isometric twitch had been reproducible
for 4 hrs.

Following either changes in the muscle
length (94%, 96%, 98% and 100% of Lmax)
or those in the contraction frequency (0.1,
0.2, 0.4, 0.6, 0.8 and 1.6 Hz), the maximal
developed tension (Tm) and the maximal
rate of tension development (max dT/dt)
were measured during the control state. Mea­
surements were repeated following adminis­
tration of 2.0% isoflurane in one group and
1.0% halothane for the other. The anesthetic
concentration in the muscle bath was deter­
mined by gas chromatography. Back controls
were measured at 0.4 Hz and at Lmax, after
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Fig. 3. The percent changes in the
maximal developed tension caused by ei­
ther 2.0% isoflurane or 1.0% halothane
at each contraction frequency in Hz. In­
creases in the contraction frequency from
0.1 to 0.6 Hz augmented the percent
changes in the maximal developed ten­
sion evoked by 2.0% isoflurane: *P < 0.01
v.s. the next lower frequency. However, in­
creases in contraction frequency reduced
the percent decrements in tension devel­
opment caused by halothane, indicating
small but statistically significant counter­
action (P = 0.002). "n" is the number of
the muscles studied.
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Fig. 4. The effect of ryanodine on the
maximal developed tension (Tm) at each
contraction frequency. Tm was normalized
by the control value obtained in the ab­
sence of ryanodine. The depressant effect
of ryanodine decreased at higher contrac­
tion frequency. "n" is the number of the
muscles studied. *P < 0.01 v.s. 0.1 and
0.2 Hz. **P < 0.01 v.s. 0.1-0.8 Hz.

the complete washout of the anesthetics.
The additional 6 muscles were studied

in order to determine the tension devel­
opment that was solely related to Ca2+
release from the internal storage, using ryan­
odine to reduce the availability of Ca2+ from
the storages. Following the control measure­
ments of Tm at 0.1, 0.2, 0.4, 0.6, 0.8 and
1.6 Hz, at Lmax, a 1.0 tiM ryanodine was
administered and, then, the measurements
were repeated.

Each muscle served as its own con­
trol. Values are expressed as mean ± SEM,
and statistical analysis was made by re­
peated measurement analysis of variance".
Newman-Keuls test was used for multiple
comparison. P-values less than 0.01 were
considered statistically significant.

Results

During the control state, the mean value
of Tm increased significantly when preload
was augmented (fig. 1A), and decreased
when the contraction frequency was aug­
mented (fig. 1B). There were no signifi­
cant differences in the length-tension and
frequency-tension relationships between the
two muscle groups exposed to isoflurane and
halothane. Increases in preload from 94 to
100% of Lmax did not modify significantly
percent decrements in Tm caused by ei­
ther isoflurane or halothane (fig. 2). On
the other hand, changes in contraction fre­
quency did modify the depressant effects of
the two anesthetics (fig. 3): enhancement
occurred with isoflurane at high contrac-
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Table 1. Percent Decrements in max dT/dt Caused by Isoflurane and Halothane

Frequency (Hz) 0.1 0.2 0.4 0.6 0.8 1.6

Isoflurane (n=8) 11.0 ± 2.45 19.2 ± 3.26* 34.0 ± 2.99* 39.7 ± 2.79 44.2 ± 3.87 43.5 ± 3.57

Halothane (n=8) 48.2 ± 1.60 48.5 ± 1.36 45.9 ± 1.75 42.6 ± 2.21 37.1 ± 3.31 # 39.9 ± 4.01

"n" is the number of the muscles studied.
*p < 0.01 v.s. next lower frequency.
#P < 0.01 v.s. 0.1 and 0.2 Hz.

tion frequency (P < 0.001), whereas small
but statistically significant counteraction oc­
curred with halothane (P = 0.002). However,
,any differences in the mean values of percent
decrements caused by halothane were not
statistically significant when Newman-Keuls
test" was used. Increase in the number of the
observations may result in the statistical sig­
nificance with Newman Keuls test. Changes
in max dT/dt were similar to those in Tm
(table 1).

Mean values of Tm and max dT/dt of the
back controls were not significantly differ­
ent from the controls. The mean anesthetic
concentration in the muscle bath, expressed
by MAC, were 1.02 ± 0.04 (mean ± SEM)
for isoflurane, and 1.28 ± 0.11 for halothane.
They did not differ significantly from each
other.

When ryanodine, in the concentration of
1.0 p,M, was administered, the mean value
of Tm decreased significantly at any given

contraction frequency (P < 0.001). Figure 4
shows the normalized developed tension (by
the control value) at each contraction fre­
quency in the presence of ryanodine, showing
at below 0.6 Hz the depressant effect of
ryanodine did not differ significantly but at
higher contraction frequency it decreased sig­
nificantly (P < 0.001).

Discussion

It has been shown that both increases
in preload and contraction frequency result
in augmentation of the developed tension
through the different mechanism(s )5,6. The
increases in preload alter not only the phys­
ical overlap of the contractile proteins but
also their affinity to the intracellular Ca2+ 5 .

The myoplasmic Ca2+ concentration itself is

also augmented by the increases in preload".
But other study indicated this may not play
a significant role when preload is increased10 .

On the other hand, the augmentation of
the myoplasmic Ca2+ concentration is the
primary mechanism of frequency-dependent
tension development".

Sutko et al. identified pharmacologically
the two kinds of internally released Ca2+
(activator calcium) using ryanodine: activa­
tor calcium released from internal source
and that from external source". Although
it is not clear as to the two kinds of
the activator calcium are independent or
not, Stemmer and Akera demonstrated that
the increases in contraction frequency aug­
ment the relative contribution of the external
source of the activator calcium to the tension
developmentU. It has been shown that the
rat myocardium is especially activated by the
internal source of the activator calcium more
than that from the external source". There­
fore, the increase in contraction frequency,
which may reduce the Ca2+ availability of in­
ternal storage site in the rat myocyte, results
in the decrement of the tension development
in the intact heart musclev'. Our findings
with ryanodine study suggested that more
than 90% of the activator calcium may be
released from the internal source at the con­
traction frequency from 0.1 Hz to 0.6 Hz (fig.
4). Therefore, the activator calcium in our
experiments may be released only from the
internal source at these contraction frequen­
cies.

Findings in our study may not provide
direct evidence as to the reasons why in­
creases in contraction frequency modified
the negative inotropy of both isoflurane and
halothane, and why increases in preload did
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not. However, the most plausible explana­
tion may be that the mechanism which
reduced the amount of activator calcium
with increases in contraction frequency may
augment the negative inotropy of isoflu­
rane and counteract the negative inotropy of
halothane. This may not occur for the mech­
anism involved by the increases in preload.
It is interesting to note that increases in the
contraction frequency from 0.1 to 0.6 Hz did
not modify the negative inotropic effects of
halothane, while they counteracted the de­
pressant effect of isoflurane (fig. 3). At these
contraction frequencies, the cardiac muscle
may be activated by the Ca2+ released from
the internal storage. Thus, isoflurane may
depress the activator calcium from the in­
ternal source at a different degree as the
Ca2+ loading of internal storage decreases.
But this may not be the cause for halothane.
Rather, the negative inotropy of halothane
might be due to the difference in the depres­
sant effect of halothane on the two sources
of the activator calcium; namely the relative
contribution of the external source to the
activator calcium could be increased at the
contraction frequencies where the negative
inotropy of halothane was counteracted.

In contrast to our findings, other investi­
gators have reported that the increase in the
contraction frequency counteracts the neg­
ative inotropic effects of isoflurane in the
guinea pig 2 , rabbit' and cat heart muscles".
The discrepancy between these findings and
ours may be due to the species difference in
the myocardial calcium metabolism'<. Unlike
the rat myocardium, the activator calcium
from the internal source in these animals is
augmented by the increases in contraction
frequencyl". But like rat myocardium, the
activator calcium from the external source
is increased in the cardiac muscle from
these animals- when contraction frequency
is increased11 .

In conclusion, we found that increases in
contraction frequency augmented the nega­
tive inotropic effects of isoflurane and atten­
uated those of halothane, while increases in
the preload did not modify the negative in­
otropy of both isoflurane and halothane. The

depressant effect of isoflurane on the Ca2+
release from the internal source may be re­
lated to the filling of the internal store with
Ca2+, but the depressant effect of halothane
may not.

Acknowledgment: The authors wish to thank

Dr. John H Tinker for his valuable support to

our experiments.

(Received Dec. 28, 1990, accepted for publi­

cation Feb. 19, 1991)

References

1. Shimosato S: Anesthesia and Cardiac Per­
formance in Health and disease. Springfield,
Charles C Thomas, 1981, pp. 5-47

2. Lynch C ill: Differential depression of
myocardial contractility by halothane and
isoflurane in vitro. Anesthesiology 64:620­
631, 1986

3. Komai H, Rusy BF: Negative inotropic
effects of isoflurane and halothane in rabbit
papillary muscles. Anesth Analg 66:29-33,
1987

4. Wolf WJ, Neal MB, Mathew BP, Bee DE:
Comparison of the in vitro myocardial de­
pressant effects of isoflurane and halothane
anesthesia. Anesthesiology 69:660-666, 1988

5. Stephenson DG, Wendt IR: Length depen­
dence of changes in sarcoplasmic calcium
concentration and myofibrillar calcium sen­
sitivity in striated muscle fibers. J Muse
Res Cell Motility 5:243-272, 1984

6. Kurihara S, Allen DG: Intracellular Ca++
transients and relaxation in mammalian
cardiac muscle. Jpn Circ J 46:39-43, 1982

7. Pinto JG, Price JM, Fung YC, Mead EH: A
device for testing mechanical properties of
biological materials-the "Biodyne". J Appl
Physiol 39:863-867, 1975

8. Sutko JL, Willerson JT, Templeton GH,
Jones LR, Besch HR, Jr: Ryanodine: Its
alterations of cat papillary muscle contrac­
tile state and responsiveness to inotropic
interventions and a suggested mechanism of
action. J Pharmacol Exp Ther 209:37-47,
1979

9. Winer BJ: Statistical Principles in Exper­
imental Design. New York, McGraw-Hill,
1971, pp. 149-260

10. Allen DG, Kurihara S: The effects of muscle
length on intracellular calcium transients
in mammalian cardiac muscle. J Physiol
(London) 327:79-94, 1982



Vol 5, No 4 Inotropic pertubations and volatile anethetics 343

11. Stemmer P, Akera T: Concealed positive
force-frequency relationships in rat and
mouse cardiac muscle revealed by ryan­
odine. Am J Physiol 25l:Hll06-Hl110,
1986

12. Sutko JL, Willerson JT: Ryanodine alter­
ation of contractile state of rat ventricular
myocardium. Comparison with dog, cat,
and rabbit ventricular tissues. Circ Res
46:332-343, 1980

13. Orchard CH, Lakkata EG: Intracellular cal­
cium transients and developed tension in
rat heart muscle. A mechanism for the neg­
ative interval-strength relationships. J Gen
Physiol 86:637-651, 1985

14. Allen DG, Jewell BR, Wood EH: Studies of
the contractility of mammalian myocardium
at low rates of stimulation. J Physiol (Lon­
don) 254:1-17, 1976


