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The direct effect of methoxyflurane upon the
inotropic state of the myocardium was studied in
an isolated cat papillary heart muscle preparation.
Methoxyflurane decreased muscle ability to de-
velop force and shorten and the velocity of short-
ening for a given load (power). The decrease
in the inotropic state of muscle was dose-depen-
dent, as evidenced by progressive decreases in
maximum velocity of myocardial muscle shorten-
ing (Vmax), power, and work. Methoxyflurane
also caused changes in the active state of the myo-

di fi ing p ), as shown
by decreases in maximum rate of force develop-
ment (dF/dt) and time-to-peak isometric force
(TTFw). The results suggest that methoxyflurane
exerts a negative inotropic effect on the intrinsic
contractile state of cardiac muscle owing to al-

ion in the hanical energy derived from
chemical reactions within the contractile system.

It Hss BEEN cLAIMED that methoxyflurane has
a direct negative inotropic influence upon the
myocardium, as indicated by the decreased
ventricular work performance as a function of
the ventricular filling pressure? and by de-
creased myocardial contractile force developed
by relatively isometric segments of ventricular
wallz  However, recent studies indicate that
the work performance of the left ventricle is

cle shortening.’5 Recently, we reported that
methoxyflurane exerts a negative inotropic ef-
fect upon the contractile state of the intact
heart, as determined by force—velocity rela-
tions.® Changes in the inotropic state of the
myocardium due to a direct negative inotropic
influence of the anesthetic agent may, how-
ever, be complicated by changes in nervous,
humoral and metabolic influences in vivo.!

Accordingly, the present study was designed
to determine the direct effect of methoxyflurane
on the inotropic state as measured in terms of
mechanics of contraction, separated from the
extrinsic cardiac control mechanism, in the iso-
lated cat papillary muscle, using methods pre-
viously described.

Definition of Terms

Muscle mechanics: the study of force and mo-
tion of heart muscle using the principles of physics.

Modcl of L i he hanical
analogue of muscle. According to Hill, force is
generated by a contractile element (CE) arranged
in series with an elastic element (SE)s (fig. 1).

Force-telocity relation: the muscle’s ability to
develop force and shorten. The reciprocal relation
of force and velocity expresses the initial velocity
of isotonic shortening of CE (Ve.) as a function of
developed force (F) in heart muscle contracting
i jcally against an afterload.® The developed

readily altered by cl in the r e to

ejection (afterload) without necessarily in-
volving a change in the inotropic state+*
Changes in myocardial contractile force reflect
only changes in force generation processes, but
do not reflect the velocity of myocardial mus-
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force (F) is equal to the Joad the muscle carries
(afterload) during shortening. Hence, in the after-
loaded isotonic contraction, load is synonymous
with developed force (F).

Maximal velocity {Vamax): the initial velocity of
isotonic shortening when the muscle carries no
load. Since the Ilest preload is v to
establish the initial resting muscle length, Va.x is
measured indirectly by extrapolation of the force—
velocity curve to zero load.

Peak force (Fw): in grams, the maximum active
force developed by heart muscle following stimu-
lation during isometric contraction.

dF/dt: in g/sec, the first derivative of the course
of force development relative to time, measured
as the slope of the force-time curve.
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and recorded isometric force_ (solid line) are shown relative to time.

the slope of a straight line,
< force is shown as
cular contraction, consisting of the contractile element (CE) and the scries elastic clement
(SE) at rest (left) and during isometric contraction (right) is shown. The third elastic cle-
ment, not shown in the figure, is parallel with both CE and SE.
cal energy. During isometric_contraction, both en

force development is denoted b:
onset of contraction and the pea

energy is converted into mechani
muscle are fixed b

(

also modulus of elasticity
developed force (F); thus:

TTF.: in msec, the time from the beginning of
force development to peak force (Fm) during iso-
metric contraction.

Active state: “the force development at c:LmstnnE

Courses of active state of the contractile element of the heart muscle (dotted line)

external constraints; thus, CE stretches SE (Al) until developed force

cquals the maximal force (Fa) of which the CE is capable.
35‘ /dt) is a function of not only the instantaneous velocity
(stiffness; dF/dl) of SE. Both di/dt and dF/dl are functions of

dF/dt= (dF/dl) - (dl/dt)

Initial maximal rate of
The time interval between the

TIFm On the right, Hill's model of mus-

Upon activation, chemical
ds of the

The rate of force development
of shortening (dl/dt) of CE but
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identical to those reported previously,” with
the following exceptions.

Change in the intensity of the active state&
was d by deter rate of force de-»

819/906/5/0E/3pP'

S

contractile element length,” 1012 a
t of the chemical p that take

place within the contractile machinery of the ac-
tivated muscle.

Intensity of the active state: reflects the degres
to which muscle is activated, expressed in terms of
capacity to develop force or the rate of shortening
{velocity).

Duration of the active state: indicates how long

4 1

/

velopment (dF/dt). Changes in duration of theS
active state were determined by the length of§
time during which force developed (TTFn)2%
The temperature of the bath was maintained 3
at 22 C in six studies and at 37 C in five. ThisQ
was done to determine whether change in tem-3
perature affects the mechanics of contmch'on§

the active state persists during
in terms of the length of time during which force

is gencrated.

Figure 1 illustrates the course of active state
and force development relative to time in myo-
cardium contracting isometrically.

Materials and Methods

Right ventricular papillary muscles were ex-
cised from 12 normal cats (weighing 1.5 to 2.4
kg) anesthetized with chloralose intraperito-
neally (50 to 100 mg/kg), Each served as its
own control. The methods used to measure
force—velocity relations and the velocity of
shortening for a given load (power) were

of the le exposed to methoxyfl sinceS
it has been shown that changes in temperatureS
alter the time course of the active state and,®
consequently, force-velocity relations.?* InS
one experiment, the effect of duration of ex<Z
posure to methoxyil at a t cong
centration was studied at 27 C. 8
Following control measurements of force-S
velocity relations and intensity and duration ofg
the active state, methoxyflurane was adminis>
tered to the muscle via the bathing solution>:
(Krebs-Henseleit) bubbled with a gas mixture3
(95 per cent O, and 3 per cent CO.) contain®
ing the anesthetic. The concentration of meth-
oxyflurane in the bathing solution was mea-
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Fic. 2. Velocity of shortening (ordinate) of the
contractile element (dl/dt) in mm/sec is plotted
as functions of load carried (abscissa) before and
during administration of methoxyflurane in one cat
heart muscle. In the isotonic contraction, the mus-
cle develops force adequate to lift the load, and
the force (=1load) remains constant during short-
ening. When the velocity is extrapolated to zero
load, imal velocity of st ing (Vaasx) is ob-
tained. Peak isometric force (Fm) is recorded
when the load is increased in a_step-wise fashion
until no shortening occurs. e initinl muscle
length is constant (6.8 mm) with preload 0.5 g,
rate 12/min, and temperature 22 C

sured by gas chromatography?* before and
after the completion of each force-velocity
study and expressed as an average value. Data
were analyzed statistically by Fisher's ¢ test
and by the paired # test.’* Values were av-
eraged and expressed as mean = SEM. Differ-
ences between groups were considered statisti-
cally significant when P < 0.01 and probably
significant when 0.01 < P < 0.05.

Results

Analysis of isotonic and isometric contrac-
tions were made on 47 occasions in 12 cat
papillary heart muscles before and during ad-
ministration of methoxyflurane. Average values
of muscle length and blotted weight were 7.3
+0.5 mm and 123 1.0 mg, respectively.
In general, values of V,,, of the muscles
studied at 22 C were lower than those at 37 C.
In contrast, values of Fy, of the heart muscles
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studied at 22 C were higher than those at 37 o
C. However, the direction and magnitude of 2
changes in Vi, Fu, power, work, dF/dt and 3.
TTF,, at 22 C were similar to those observed £
at 37 C. Hence, the data obtained at 22 C &
and 37 C were analyzed as one group.

IsotoNic CONTRACTION

//:dny wody

The administration of methoxyflurane (mean
concentration: 12 * 1.6 mg/100 ml) caused &
decreases in both Vg, and Fp, in all 12 ex- 2
periments (six at 22 C, one at 27 C and five E
at 37 C). Force-velocity curves were shifted 3
to the left when the heart muscle was exposed =
to methoxyflurane, and the degree of leftward S
shift was dose-dependent. At any given load-
ing condition (afterload), both power and é
work were reduced. Figures 2 and 3 represent 5
findings in one heart muscle exposed to a step-
wise increase in concentrations ranging from
1.3 to 12.3 mg/100 ml.

Maximum velocity of isotonic shortening
(Vimax), maximum isometric force (Fy), and
maximum power and work varied directly with
anesthetic concentration (fig. 4). Correlation
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Fic. 3. Net shortening ( AL), power {force X
velocity), and work ( AL X force) plotted as func-
tions of Joad. Note dose-dependent decreases in
AL, power and work at any given load during the

dministration o hoxyfl Data are de-
rived from the experiment shown in figure 1.
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force (Fw) in 11 cat papillary heart muscles studied at 22 and S'I,_C.
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dministration_of methox

the equations of the

Vs (left) and Fa (right) during the
regression lines are Y=— 1.8

coefficients relating percentage changes in
Vipax Fme power and work to methoxyflurane
concentration were —0.79, —0.71, —0.67, and
—0.67, respectively. The average values of
methoxyflurane that produced 50 per cent de-
pression in 11 muscles at 22 and 37 C were
17 mg/100 ml for V., and 11.5 mg/100 ml
for F,,, respectively.

Figure 3 shows the effect of duration of ex-
posure to the anesthetic on force-velocity rela-
tions in one muscle studied at 27 C. The
force—velocity curve obtained after the one-
hour recovery period following a four-hour ex-
posure to the anesthetic was virtually the same
as that obtained during the control period.

TsoMETRIC CONTRACTION AND ACTIVE STATE

Percentage changes from the control values
of dF/dt and F,, in 11 isometrically-contract-
ing muscles exposed to methoxyflurane were
directly related to anesthetic concentration
(Bg. 6). Correlation coefficients relating per-
centage changes in dF/dt and Fy, to methoxy-
flurane concentration were —0.63 and —0.71,
respectively.

TTF,, averaged 301 = 24 msec in 11 mus-
cles exposed to methoxyflurane, and was lower
(P < 0.05) than that obtained during the con-
trol state (399 = 45 msec). When values of

x — 19.2 (for Vinas) and Y=~ 19 x —28.1 (for Fu).

TTF,, were paired with those obtained during
the control state, decreases in TIF,, during
administration of methoxyflurane were signifi-
cant (P < 0.01). However, percentage changes
in TTF, in muscles exposed to methoxyflurane
did not correlate with concentration (correla-
tion coefficient: —0.30).

MobuLus oF ELasTICITY

Figure 7 illustrates the modulus of elasticity
of series elastic element (dF/dl) given as a
function of load (F) before and during ad-
ministration of methoxyflurane in one muscle.
The slope (k) of the straight line equation
(dF/dl =kF) equals the modulus of elasticity.
Values for k averaged 3.26 = 0.11 (not nor-
malized for muscle length) in eight muscles
during the control state did not differ signifi-
cantly (3.27 = 0.13) from those obtained dur-
ing administration of methoxyflurane (P > 0.5).

Discussion

The major finding of the present study is S
that methoxyflurane cxerts a direct negative 5
inotropic effect on the intrinsic contractile state 2
of the myocardium, as evidenced by the de- =
creased ability of myocardial fibers to develop Q
force and shorten. Reduction of the maximal &
velocity (Vgax) or the rate of myocardial
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administration (four hours) of methoxyflurane at a constant concentration (3.6-5.1 mg/100
ml). The back control curve was obtained an hour after discontinuation of administration of

the anesthetic.
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shortening may indicate that methoxyflurane
depressed the contractile state of the muscle
directly, since decrease in Vp,, has been re-
lated to alteration in the rate of force develop-
ment at each contractile site.’® Recent studies
show that the changes in V.. are indepen-
dent of changes in force development due to
changes in length of cardinc muscle prior to
contraction (preload), and uniquely determine
changes in the inotropic state of the myocar-
dium (i.e., contractility).’* Therefore, the re-
duction in V,,, due to methoxyflurane indi-
cates that this anesthetic depressed the con-
tractility of isolated heart Je. The ct

are comparable to those in the intact heart,
since aortic pressure may be equated with the
afterload of the intact left ventricle, which
ejects blood by development of force with
shortening of myocardial muscle. Changes in
the force—velocity relation in the isolated mus-
cle are, therefore, analogous in a degree to
those of intraventricular pressure development
(force) and the rate of ventricular ejection
(velocity) in the intact heart. Recent studies
in our laboratory reveal that methoxyflurane
also has a negative inotropic effect upon the

S

contractile state of the intact heart.s Evig
dently, in relation to the direct inotropic eﬂ'ecs
on heart muscle mechanics, this agent has £
negative inotropic effect on the myomrdiunE
of both isolated muscle and intact heart. 2
An interesting finding of the present stud®
was that the altered contractile state of hearl
muscle, as reflected by the dose—dependen$
change in V. during isotonic contractiorio
(fig. 4), was accompanied by a change in th%
rate of force development (dF/dt) in isod
metric contraction (fig. 6). At any given ]oadlg
ing condition (afterload), there was a de3
crease in the velocity of myocardial muscl%
shortening in all muscles exposed to methoxyz
flurane, resulting in a reduction of power and
work. The concomitant decreases in maxima]
power and work given as a function of load
(fig. 3) further substantiate the negative ino-
tropic effect of this agent. These findings ar
also in accordance with those observed in the>
intact heart during methoxyflurane amsthcsia.‘g
1t should be pointed out that the actual perg,
formance of the CE is characterized by the acQ
tive state.511 The term “active state” may be
defined as a mechanical measure of the chemi-
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cal processes in the CE and characterized in
terms of four parameters; force, velocity, in-
stantaneous muscle length, and time* In
skeletal muscle, the concept of active state was
introduced to explain the ability of muscle to
bear maximum force at the onset of the con-
traction when “quick stretch” was applied.!s
Under these conditions, the resulting force re-
flects CE alone, independent of the SE con-
nections, since the latter is prestretched. Diffi-
culty in assessing the active state in cardiac
muscle has been related to the slow onset and
decay of the active state.’*

The rate of force development (dF/dt) of
the CE during isometric contraction is a func-
ton of the product of the stress/strain charac-
teristics (modulus of elasticity or stiffness) of
the SE and the velocity of shortening of the
CE.* This relation is expressed in the dif-
ferential equation: dF/dt= (dF/dl)-(dl/dt).
Data in the present study indicate that meth-
oxyflurane did not alter stiffness of the SE.
These findings are consonant with previous
studies showing that stiffness of the SE is not
altered during the administration of halothane *
or various inotropic interventions.*® There-
fore, it is reasonable to state that the changes
in dF/dt observed in the heart muscle exposed
to methoxyflurane parallel those in the velocity
of shortening of the CE. These findings in the
isolated heart muscle suggest that measure-
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Fic. 6. Percentage changes in Fm of 11 iso-
metrically contracting heart muscles plotted against
the methoxyfl jon in mg/100 ml.
The regression line: Y=—23 x —28.7.
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ment of myocardial contractile force by means
of a Walton strain gauge in vivo during methss
oxyflurane and halothane anesthesia shoul@
provide information relative to velocity of
shortening of the CE, if one analyzes the ratey
of change in force development. &
It was of interest to determine whether the
induced change in intrinsic contractile state ol
the myocardium was the result of prolonged
exposure to methoxyflurane at a constant con
centration. Changes in force—velocity curves
measured at 70, 93, 150, 195 and 240 min
during the administration of methoxyflurang
were essentially the same (fig. 3). Thus, ig
seems apparent that tachyphylaxis does noB
occur in the heart muscle during prolongeds
exposure to methoxyflurane. g
Of particular interest is the observation that’
methoxyflurane caused a significant reduction
of time-to-peak force (TTFy) with decrease:

¢¥500007/99
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. rate of force development (dF/dt). In previg

ous studies, we reported that halothane causes.
decreases in rate of force development, as doi

methoxyflurane, but prolongs the duration o8
contraction as reflected by increased TTFuh
Changes in the manner of shift of the force®
velocity relation observed in muscle exposed
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to halothane were similar to those observed in
the present study. Decreased peak force and
rate of force development by the myocardium
exposed to halothane were related to decreased
intensity of the active state.” Similarly, meth-
oxvflurane decreased the intensity of the active
state of the heart muscle as measured by the
leftward shift in the force-velocity curve (fig.
2) and by the decreased dF/dt (fig. 6). How-
ever, in the case of methoxyflurane, the dura-
tion of the active state was significantly de-
creased, as reflected by decreased TTFy,.
These findings suggest that the negative ino-
tropic effect of methoxyflurane may be related
to not only decreases in intensity, but decreases
in the duration of active state.
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