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Abstract. The negative inotropic effect of 2,3-butanedione monoxime (BDM) on
the isometric twitch of guinea-pig papillary muscle was analysed by parameters
characterizing the time course of the mechanogram. BDM at concentrations of up
to 4 mmol/] produced a clear negative inotropic effect, whereas the Ca transient
measured in isolated cardiomyocytes was only slightly affected. Peak force was
more reduced than dF/dt ., and dF/dt,;,. This led to an earlier, more narrow
peak and a shortening of twitch duration. Based on a reaction scheme for the
cross-bridge cycle, a mathematical model using a Ca transient and mechanograms
as input data has been developed. The kinetic parameters were estimated by
fitting the model to various time courses of force obtained at rising concentrations
of BDM. BDM decreased the ratio of rate constants for cross-bridge attachment
and detachment in a concentration-dependent manner: the formation of cross-
bridges became inhibited, whereas dissociation was promoted. Above 4 mmol/]
BDM the more marked alterations of the parameters of the mechanogram indicated
an additional suppressing effect on intracellular Ca supply. The computer analysis
suggests how the cellular mechanism(s) of the BDM-induced negative inotropic
effect are reflected in the time course of the mechanogram.
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Introduction

Force development of the myocardium is determined by inotropic mechanisms in-
fluencing the release and the removal of intracellular Ca (Ca,) and the sensitivity
of the myofilaments for Ca. The time course of force is modified in a character-
istic manner, i.e. different inotropic mechanisms show a characteristic pattern of
parameters of the mechanogram (Bogdanov et al. 1979; Honoré et al. 1987; Gross
et al. 1989). A computer programme was developed to estimate parameters for
contraction and relaxation which can be used to characterize inotropic effects on
isolated cardiac preparations (Lammerich 1992).

The intracellular Ca transient results from processes regulating the Ca ho-
moeostasis. Inotropic effects with an only modest modification of Ca, supply should
have affected the utilization of Ca; by the myofilaments. Fulfilling this, the negative
inotropic effect of low BDM concentration on the myocardium of several species
(Blanchard et al. 1990; Perreault et al. 1992; Spurgeon et al. 1992; Steele and
Smith 1993; Kotsanas et al. 1993; Backx et al. 1994) and on that of the guinea-
pig (Marijic et al. 1991; Gambassi et al. 1993) is not attributed to insufficient
Ca; supply (but cf. Gwathmey et al. 1991). We measured nearly unchanged Ca
transients in guinea-pig cardiomyocytes at low BDM concentration. As a conse-
quence, alterations in Ca sensitivity of the myofilaments have to be expected. This
should be recognizable by a detailed analysis of the mechanogram. In order to
interpret the changes in the time course of a twitch appearing at low concentra-
tions of BDM, a reaction scheme was employed including the main steps of force
development within the sarcomere (Yue 1987) instead of more complicated and
complex approaches (Backx et al. 1994; Zhao and Kawai 1994). A mathematical
model using a Ca transient and mechanograms as input data has been developed
to calculate the rate constants for cross-bridge attachment and detachment as the
essential determinants for the alteration of force development due to BDM.

Materials and Methods

The experiments were performed on 10 guinea-pig right ventricular papillary muscles.
The bathing solution, oxygenated with pure Oz at 31°C, had the following composition
(in mmol/1): NaCl 140, KCl 5.4, CaCl, 0.5, MgCl; 1.1, Tris-HC1 10.0, glucose 11.1 at pH
7.43.

Electrical stimulation and measurement of isometric force F at a preload of 2 mN
were performed using the programmable stimulator module PSM 676 and the force trans-
ducer F10 connected to the bridge amplifier DBA 660 of the Plugsys system 603 (Hugo
Sachs Elektronik, Germany). The analogue force signal was digitized and stored by a
personal computer. The preparations were stimulated with biphasic rectangular impulses
of 10 ms duration and a strength of 30% above threshold.

At a stimulation frequency of 0.25 Hz, peak force (PF) became stable after about
25 min. During the subsequent experiment at a stimulation frequency of 0.5 Hz, extra-
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cellular Ca was elevated up to 18 mmol/l by adding CaClz stock solution in order to
reach maximum PF as starting-point for the expected negative inotropic effect of BDM
(purchased from Sigma). [BDM] was gradually increased as seen in the results.

Osmolarity was not compensated after the addition of Ca, because only extreme
changes of intracellular volume and of ionic strength are known to influence the cross-
bridge cycling (Allen and Smith 1987). Therefore, high extracellular Ca concentration is
frequently used without compensation of osmolarity (e.g. Gwathmey et al.; Marijic et al.
1991) to avoid other consequences of disturbed distribution of physiologically important
ionic concentrations.

Furthermore, these control conditions remain constant throughout the whole follow-
ing protocol. BDM is likely to be distributed uniformly in the intra- and extracellular
fluid, therefore its effects should not be modified by a shift of water.

Isolated cardiomyocytes were prepared by enzymatic dissociation according to Le-
wartowski et al. (1994). For the measurement of Ca transients cells were loaded with
indo-1-ester (Lewartowski et al. 1994). Indo-1 Ca transients were monitored as a ratio
405/495 during rhythmical field stimulation.

Software

The software in Turbo Pascal developed in our laboratory (Lammerich 1992) includes
control of the experimental setup and data acquisition, the analysis of the mechanogram
and statistics. A programme for control of the experiment and data acquisition permits
stimulation with any chosen stimulus by the Plugsys module PSM 676. The registration
of force for a desired number of twitches is synchronously started with the stimulus. The
experimental protocol can be preselected. Support for calibration and adjustment of the
base line is available. Values of PF and contraction curves are shown on the screen,
condensed and stored. All information concerning the experimental procedure is saved in
a protocol file allowing a fast survey of the experiment.

Analysis

The following parameters for contraction and relaxation were estimated from the filtered
and averaged data by the analysis programme:

PF- peak isometric force; dF/dfmax — maximum dF/dt; dF/dtmyn — minimum dF/dt;
TL - time of latency: T50 — time to 50% of PF; TPF - time to peak force; RT50
and RT97 - relaxation time for the decline of force by 50% and 97% of PF, respec-
tively; T(dF/dtmax) — time at dF/dimax; (dF/dtmax)/PF; (dF/dtmm)/PF; (dF/dtmax)/
J(dF/dtmin); (dF/dtmax)/F, (dF/dtmm)/F — quotient by dF/dtmax and dF/dtm,, re-
spectively, and the corresponding instantaneous force; CPC - coefficient for the phasic
component of the contraction, being the quotient of maximum and mean rate of force
development: CPC = (dF/dtmax) - (TPF — TL)/PF; CPR — coefficient for the pha-
sic component of the relaxation, being the quotient of maximum and mean rate of force
decline: CPR = (dF/dtmm) - RT97/PF.

The 0.1% level of PF served as the onset of force development at T'L.

The dF/dt signal was calculated by a tested algorithm (Lammerich 1992) resulting
in errors of about 1%. The dF/dt signal yielded dF/dtmax, dF/dtmin, T(dF/dtmax) and
T(dF/dtmm).

The appearance of an early phasic and late tonic component during the isometric
contraction was assumed to arise from Ca, being delivered from different sources during
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activation (Bogdanov et al. 1979; Honoré et al. 1987). The relation between dF/dtmax,
representing the phasic component, and the mean rate of force development, representing
both phasic and tonic components, was expressed as the coefficient of the phasic compo-
nents of the contraction (C"PC’). The phasic behaviour of the relaxation, expressed by
CPR, was determined by various interactions of mechanisms leading to detachment of
cross-bridges (Brutsaert and Sys 1989).

The results are given as mean value £SEM together with the results of the statistical
proof by the Wilcoxon test for independent samples at p £ 0.05.

Scheme for cross-bridge cycling

The following scheme (Yue 1987), describing 4 states (S1..54) of the cross-bridge cycle, was
used to relate the effects of BDM on the isometric mechanogram to alterations of cross-
bridge kinetics. To quantify these suggested alterations, we employed a mathematical
model based on the scheme (see the appendix).

(S1) k1 (52)
Ca + TA — Ca-TA
k1
Tyg teg L f
ko
Ca + TA-M — Ca-TA-M
(S4) ko (S3)

Force F' is assumed to be proportional to the instantaneously existing number of
myosin- (M) actin- (A) tioponin- (T) complexes in S3 and S4, i.e. F ~ [Ca-TA-M] +
[TA-M].

At the resting level of Ca,, A and M are separated in S1. Synchronously with
increasing Ca,, Ca binds to T (Housmans 1991; Peterson et al. 1991), because the high
values for k1 and k_; lead rapidly to an equilibrium between S1 and S2. S2 dominates
because of k1 > k_;. Ca-TA is a prerequisite for the binding of M to A and for the
delayed transition into the force producing state S3, corresponding to a low value of f.
The constant g’ is so low that the reverse reaction is virtually impossible (Yue 1987).
Thus, the transition S2—83 also occurs at low Ca, and low [Ca-TA] at low rate. The
instantaneous value of dF/dt is the difference between the rate of cross-bridge attachment,
expressed by dF/dt. and detachment, expressed by dF/di_. It follows:

d[Ca-TA-M] | d[TA-M]

dF/dt = dF/dt, — dF/dt_ ~ ” =

k1 (1)
dF/dty ~ y £[Ca] [TA]

The detachment of active cross-bridges requires dissociation of Ca from TnC (S4). S3
is favoured in the equilibrium between S3 and S4 by the high affinity of TnC for Ca
(k2 > k_2). Therefore, the dissociation of Ca from TnC is only possible at very low Ca,.
The decline of the number of active cross-bridges is expressed by:

dF/di_ ~ ’”I\i ¢[Ca-TA-M] (2)
2
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Figure 1. Typical negative inotropic effect of increasing BDM concentrations on the
isometric mechanogram of guinea-pig papillary muscle at 18 mmol/l extracellular Ca
(experiment MBD 10).

The value dF/d¢max should mainly be determined by d#/dt; when the detachment rate is
still negligible, and analogous dF/dtmn by dF/dt_ when the attachment rate is expected
to be already very low. PF is reached when the rates of attachment and detachment of
cross-bridges become equal.

Results

In papillary muscles PF reached a mean value of 7.8 mN at 18 mmol/i Ca,. The
cumulative addition of BDM produced a clear concentration-dependent negative
inotropic effect (Fig. 1). The amplitude of twitch was more influenced than its
time course.
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Relative changes of isometric twitch parameters produced by BDM are shown
in Fig. 2. Up to 4 mmol/l BDM, T(dF/dtmax), TL and CPC remained nearly
constant. BDM shortened TPF mainly at the cost of T PF —T'50. The increase in
(dF/dtmax)/PF demonstrated a more prominent decrease of PF compared with
dF/dtnax, whereas (dF/dt nax)/F remained unchanged.

T(dF/dt,,,,) and RT50, representing the early relaxation, were shortened.
Together with the late phase of contraction, this resulted in the narrow peak of the
twitch (Figs. 1 and 3).

RT97 was hardly influenced. The decrease of PF and of corresponding instan-
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taneous F' was greater than that of dF/diy,,, resulting in a similar enhancement
of (dF/dtpmn)/PF and (dF/dty,)/F.

At BDM concentrations exceeding 4 mmol/! additional effects appeared. The
mechanical refractory period TR, i.e. the shortest stimulus interval eliciting a new
contraction, was diminished.

Concerning the contraction, (dF/d¢max)/F and TL were increased, whereas
T(dF/dtmax) and CPC were decreased.

Concerning the relaxation, (dF/d¢m,,)/PF, (dF/dtmm)/F, T(dF/dtmum),
RT50 and C'PR remained relatively constant. After a decrease at low BDM con-
centration, (dF/dtpax)/(dF/dtmn) rose with increasing [BDM].

In isolated cardiomyocytes 4 mmol/l BDM depressed cellular contraction by
about 80% (Fig. 4), i.e. to a similar extent as PF in papillary muscle (Fig. 1). The
amplitude and the time course of the Ca transients (Fig. 4) as indices of the change
in Ca, were less affected as reported by others (Marijic et al. 1991; Gambassi et
al. 1993).

The rate constants f for attachment and g for detachment of cross-bridges
were estimated by a fitting procedure (see the appendix) from 9 mechanograms of

Figure 2. Mean normalized values and standard errors of parameters for the time courses
of contraction (A) and relaxation (B) of guinea-pig papillary muscle at 18 mmol/] extra-
cellular C'a as influenced by rising concentration of BDM; n = 10. Statistical significance
versus the preceding value is marked by filled symbols. C'PR is not shown in the figure
because of its close correspondence to (dF/dtnun)/PE at constant RT97. Absolute values
of parameters for the time courses of contraction (A) and relaxation (B) at 18 mmol/l
extracellular Ca before the addition of BDM serving as control (corresponding to 1 as
normalized values).

A
PP dF/dtma, S3lmax F/dtma TL T(dF/dtmax) TS50 TPF CPC
mN mN/s 1/s 1/s ms ms ms ms
mean 7.84 61.73 7.89 20.63 38.8 110.4 125.2 2404 1.59
+SEM  0.95 7.65 0.14 0.60 4.1 54 4.5 4.6 0.01
B
dF/dtmn %%““f“i dF /At d—”%‘i T(dF/dtmn)  RT50 RT97 CPR TR
mN /s 1/s 1/s ms ms ms ms
mean 43.68 1.40 5.69 8.91 98.8 125.4 289.8 1.64 243.0

+SEM  4.78 0.05 0.22 0.47 3.4 3.5 7.3 003 5.6
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Figure 3. Comparison of the
normalized mechanograms of
guinea-pig papillary muscle at
0.5 and 20 mmol/1 BDM (ex-
periment MBD 10)

Figure 4. Example of a
Ca transient and contraction
of 1solated guinea-pig cardio-
myocyte at O (control) and
4 mmol/l BDM. Under these
conditions the contraction am-
plitude was reduced to 20.2 +
1 8%, whereas the nearly un-
changed Ca transient reached
an amplitude of 106.1 & 3 6%
(mean values £SEM compared
to control = 100%; n = 6).

a typical experiment recorded at rising concentrations of BDM from 0 up to 20
mmol/l. These mechanograms were combined with a physiological Ca transient
measured in isolated guinea-pig cardiomyocytes in the absence of BDM (Fig. 5)
which fulfils two important characteristics for the fitting procedure, e.g. the co-
incidence between peak Ca, (Camax) and T(dF/dtmax) (Yue 1987) and the slow
decline of Ca,. This approach based on the cross-bridge scheme yielded fitted curves
in close conformity with the original signals (Fig. 6). Low BDM induced a decrease
of f and an increase of g to a similar extent, leading to a clear decrease of their

ratio (Fig. 7).
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Figure 5. Intracellular calcium under normal conditions (no BDM). The experimental
data were fitted to the phenomenological expression (6) (see appendix).
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Figure 6. Mechanograms recorded at various concentrations of BDM (dotted line) and
fitted solutions of differential equation (5) (solid line) (see appendix).
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Figure 7. Change of the rate constants f and g at increasing concentrations of BDM.
Plot of the relative rate constants f and g (normalized to their values without BDM).
There is a monotonous decline of the rate constant f, whereas the rate constant g af-
ter abrupt increase at low concentration of BDM remains practically constant for BDM
concentrations of up to 8 mmol/l. The absolute values are:

BDM (mmol/1) 0.0 0.5 1.0 2.0 4.0 7.0 10.0 15.0 20.0

f(1/s) 35 29 29 24 19 125 079 037 0.16
g (1/s) 25.2 270 360 36.0 380 37.50 45.70 4840 59.00
Discussion

Suppression of PF and modifications of the mechanogram observed at low concen-
trations of BDM (up to 4 mmol/l) are regarded to be related to its effects on the
Ca sensitivity of the myofilaments, because within this range the Ca, transient was
not reduced in papillary muscle of the guinea-pig (Marijic et al.1991) as confirmed
by our experiments in isolated cardiomyocytes.

An assumed decrease in the affinity of TnC for Ca (Gwathmey and Solaro 1990;
Wang and Lee 1990; Marijic et al. 1991) was not confirmed by direct measurement
of Ca binding to TnC under BDM in heart (Mulieri and Alpert 1984; Gwathmey et
al. 1991) and skeletal muscle (Fuchs and Wang 1991). Therefore, other components
involved in the cross-bridge kinetics are most probably responsible (Li et al. 1985;
Higuchi and Takemori 1989; West and Stephenson 1989; Kurihara et al. 1990;
Dantzig et al. 1991; Herrmann et al. 1992; Perreault et al. 1992; Gambassi et al.
1993; Venema et al. 1993; Backx et al. 1994; Zhao and Kawai 1994).
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Contraction

T(dF'/dtyax) reflects the moment of Caymax (Yue 1987; Housmans 1991; Peterson
et al.1991), because maximum [Ca,] produces maximum dF/déy, i.e. dF/dtpax (cf.
equation 1). Therefore, the constant value of T(dF/dtax) at BDM concentrations
of up to 4 mmol/1is well in agreement with a less influenced Ca; transient measured
in isolated cardiomyocytes. The unchanged value of C PC means that at low BDM
concentration the sources of Ca are not significantly influenced.

Assuming a reduced Ca sensitivity of myofilaments under BDM, a higher Ca;
would be required to reach the mechanical threshold, accompanied by prolonged
TL, which is indeed measurable at high BDM concentrations.

At low Ca sensitivity, expressed by low ratio of f and g, the fall in Ca; after
T(dF/dtnax) and Ca;max, respectively, (Yue 1987; Housmans 1991; Peterson et
al. 1991) decelerates further increase in force. When the diminished rate of cross-
bridge attachment is exceeded by the rising rate of detachment, PF" will be reached
earlier. Thus, points of time following T(dF/d{yax), like T50 and T PF, are shifted
towards T(dF/dt .y ), as especially seen for the interval between T50 and TPF.

Both the earlier termination of the increase in force and the lower dF/dt,
are responsible for the strong negative inotropic effect of BDM, as seen by the dis-
crepancy between (dF/dty.y)/F and (dF/dtpnax)/PF. The reduced rate constant
f causes a slower transition into force generating states, followed by a decline of
dF/dt; (equation 1). Then dF/dtyax and F are reduced in proportion after an
identical T(dF/dty.x). Consequently, (dF/dtnax)/F remains nearly constant.

The stronger decrease in PF compared to dF/dt,,,x increases (dF/dt nax )/ PF.
The constant value of CPC, defined as CPC = (dF/dtyax)/PF - (TPF — TL),
means that the increase in (dF/dtmax)/PF is compensated by the decrease in
(TPF—TL). The same is seen in the normalized curves under high BDM (Fig. 3),
where, after a prolonged T'L, the peak force is reached earlier, i.e. dF'/d¢ remains
relatively greater. Therefore, the earlier termination of the increase in F' and the
lower dF/dt interact synergistically.

In the early termination of the increase in force, two processes are involved.
The BDM dependent decline of f reduces the rate of the formation of active cross-
bridges (equation 1). Otherwise, the increase in ¢ indicates a higher rate of the
dissociation of active cross-bridges (equation 2). Thus, the formation and dissoci-
ation of cross-bridges become already equal at higher Ca;. The shift of contraction
to relaxation appears therefore earlier, at unchanged Ca;.

Relazation

The decreases in T(dF/dtmin) and RT50 demonstrate the short duration of the
early relaxation. dF/dty,;, is reached when F is 0.66 - PF, given by F/PF = (.66
with a correlation coefficient of r = 0.99. Obviously, F' and PF are influenced in
the same manner by the lowered Ca sensitivity of myofilaments.



388 Lammerich et al.

The shortening of T(dF/dt,.,) is linearly related to the increases in
(dF/dt )/ PF and (dF/d¢m,)/F (r = 0.7). The lower diminishing of dF/dtn
compared with PF and F leads to a faster decrease in force to F' = 0.66 - PF at
T(dF/dtmn). Consequently, F corresponds to a relatively higher dF/d¢y, under
BDM, and the percentage of active cross-bridges detaching per time grows.

During relaxation, the decline of Ca, proceeds and, as seen in the reaction
scheme, the formation of cross-bridges becomes more and more negligible. Relax-
ation then mainly depends on the detachment of the existing cross-bridges. The
increase in (dF'/dtp,,)/ F with increasing BDM concentrations means that, related
to the corresponding F' (e.g. normalized to the number of active cross-bridges at
0.66 - PF), the rate of cross-bridge detachment grows. This is possible, if the rate
constant g is elevated (equation 2). Therefore, dF/d¢_ is enhanced synergistically
to a diminishing of dF/d¢, by BDM.

Comparing the maximum rates of formation and detachment of cross-bridges,
low BDM diminishes dF/dt,,.x more than dF/dt,.,, as seen by the decrease in
(dF/dtmax)/(dF/dtmy). This also indicates a reduced ratio of f and g.

Hwgh BDM concentration

At BDM concentrations exceeding 4 mmol/l, most of the twitch parameters are
markedly influenced. The shortening of T(dF/dt,.x) suggests a shortening of
the time to peak of Ca, (Yue 1987). The shorter T(dF/dt,.x) is explained by
a probably reduced Ca, supply (Li et al. 1985; Horiutu et al. 1988; Chapman
1993; Liu et al. 1993; Steele and Smith 1993) at shorter action potential duration
(Chapman 1993; Liu et al. 1993) together with an earlier onset of removal of Ca
from the cytosol brought about by the Ca outward transport via Na/Ca exchange
(Brutsaert and Sys 1989). In the guinea-pig myocardium, release and reuptake
of Ca by the SR is less developed (Horackova 1989) and additionally inhibited
by high BDM in myocardium (Steele and Smith 1993). On the other hand, the
Na/Ca exchange is the main mechanism for the removal of Ca, (Horackova 1989).
Therefore, influences on its driving force are expected to become visible in the
mechanogram. A shortening of the action potential by high BDM concentrations
(Liet al. 1985; Chapman 1993; Liu et al. 1993) is in agieement with the significant
shortening of the mechanical refractory period T'R. Thereby the reversal of Ca
entry to Ca outward transport starts earlier, followed by an earlier peak of Ca, and
an earlier onset of its decline.

Under high BDM concentrations the formation and detachment of cross-brid-
ges, due to the lowered ratio of f and g, was modified by a diminished but long
lasting Ca transient (Blanchard et al. 1990; Perreault et al. 1992; Spurgeon et
al. 1992; Gambassi et al. 1993; Kotsanas et al. 1993). Relaxation rate decreases
now in proportion to PF without significant shortening of time. So dF/dtpax is
less reduced than dF/dty,,, resulting in increased (dF/dtyayx)/(dF/dtmm). The
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tonic and phasic components of contraction are less sharply separated, as seen by
the decline of C'PC. Especially the very early onset and the fast decline of F' is
responsible for the continuous increase in CPR.

In conclusion, the results showed how the cellular mechanism(s) of the BDM
induced negative inotropic effect, i.e. mainly the lowered ratio of rate constants
for cross-bridge attachment and detachment, leads to a characteristic modification
of the isometric mechanogram. The reaction scheme (Yue 1987) for the formation
and detachment of cross-bridges is a suitable tool to explain the causal connection
between the cellular effect and the modified mechanogram.

Appendix

The kinetic equations related to the scheme of the cross-bridge cycle (see above)
read

4 1TA] = g [TA-M] — &y [Ca]"[TA] + k_, [Ca-TA]

dt
(—% [Ca-TA] = k; [Ca]|"[TA] — (k—y + f) [Ca-TA]
(1)
% [Ca-TA-M] = f [Ca-TA] — k_5 [Ca-TA-M] + ks [Ca]"[TA-M]
-(% [TA-M] = k_, [Ca-TA-M] — (ks + g) [TA-M]
Under the assumption
klvk-lak%k—Q > f?g (2)

equation system (1) can be simplified by means of the quasi-steady-state approxi-
mation (Schauer and Heinrich 1983) describing the binding of calcium to [TA] and
[TA-M] by mass-action relations,

[Ca-TA] _k I [Ca-TA-M] _ ks _ r (3)

[Ca]"[TA] ~ k—; "  [Ca*[TA-M] k_, °
Introducing new variables [X;] = [TA] 4 [Ca-TA] and {X2] = [TA-M] + [Ca-TA-M]
which fulfil the conservation condition [X;] + [X2] = const = [X] and taking into
account the relations (3) we arrive at the following differential equation for the
variable [Xg],

d Pl Ca|™ [Xg]

el = f e (X1 - B - 9 e (@
The contractile force is assumed to be proportional to [Xs], i.e. F' = v[X3], so that
equation (4) can be easily transformed into a differential equation for F,

dp_p— 7 - ! + J F

COLEY ey ey T
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where Fy = 7[X] and K, = 1/1’11/". In order to solve this equation one needs to
know the time dependent intracellular calcium concentration [Ca]. We employed
the phenomenological expression

E (@)"C)[fff i
: exp (alt = Ty))

for [Ca] which was fitted to experimental data. Estimated parameters are: Cay =
332.4 (Ca-units), Tg = 25.1 ms, n, = 1.6, a = 0.0029 1/ms. The introduction of
expression (6) with these estimated parameter values into equation (5) results in a
single differential equation for F' which contains the unknown parameters f, g, K,
Ky, n and Fy. Recent findings (Li et al. 1985: Higuchi and Takemori 1989; Fuchs
and Wang 1991; Perreault et al. 1992; Gambassi et al. 1993; Khandoudi et al. 1993;
Venema et al. 1993; Backx et al. 1994) suggest that BDM influences mainly the rate
constants f and g, whereas the half-saturation constants Ky, K2, the cooperativity
index n for calcium binding and the maximal force Fy are assumed to remain
unaltered. Thus there were 4 + 2 x 8 = 20 adjustable parameters to be estimated
by fitting the numerical solutions of differential equation (5) simultaneously to
9 different isometric mechanograms recorded at varying concentrations of BDM
between 0 and 20 mmol/l. The fit was performed by using the software package
“SIMFIT” (Holzhiitter and Colosimo 1990). The estimated parameter values are:
K, = 199.4 (Ca-units), Ko = 99.7 (Ca-units), n = 3.8, Fy = 101 mN, rate constants
f and g cf. absolute values in legend to Fig. 7.

[Ca] = (6)

Acknowledgements. This work was supported by “Bundesministerium fiir Forschung
und Technologie” (BMFT), Germany.

References

Allen D., Smith G. (1987): The effects of hypertonicity on tension and intracellular calcium
concentration in ferret ventricular muscle. J. Physiol. (London) 383, 425—439

Backx P., Gao W-D., Azan-Backx M., Marban E. (1994): Mechanism of force inhibition by
2,3- butanedione monoxime in rat cardiac muscle: roles of [Ca2+]1 and cross-bridge
kinetics. J. Physiol. (London) 476, 487—500

Blanchard E. M., Smith G. L., Allen D. G., Alpert N. R. (1990): The effects of 2,3-
butanedione monoxime on initial heat, tension, and aequorin light output of ferret
papillary muscles. Pfliigers Arch., Eur. J. Physiol. 416, 219—221

Bogdanov K. Y., Zakharov S. 1., Rosenshtraukh L. V. (1979): The origin of two compo-
nents in contraction of guinea pig papillary muscle in the presence of noradrenaline.
Can. J. Physiol. Pharmacol. 57, 866—872

Brutsaert D. L., Sys S. U. (1989): Relaxation and diastole of the heart. Physiol. Rev. 69,
1288—1315

Campbell D. L., Giles W. (1990): Calcium currents In: Calcium and the Heart (Ed. G. A.
Langer) pp. 27—83, Raven Press, New York



Butanedione Monoxime and Inotropism 391

Chapman R (1993) The effect of oximes on the dihydropyridine-sensitive Ca current of
1solated guinea-pig ventricular myocytes Pflugers Arch 422, 325—331

Dantzig J Hibberd M, Trantham Goldman Y (1991) Cross-bridge kinetics 1n the pres-
ence of MgATP 1n rabbit psoas muscle fibre J Physiol (London) 432, 639—680

Fuchs F, Wang Y -P (1991) Force, length, and Ca®"-troponin C affimity m skeletal
muscle Amer J Physiol 261, C787—C792

Gambasst G , Capogrosst M , Klockow M , Lakatta G (1993) Enantiomeric dissection of
the effects of the wmotropic agent EMD 53998 1in single cardiac myocytes Amer
J Physwol 264, H728—H738

Gross Th, Gunther J , Storch E (1989) The 1sometric twitch of rabbit papillary muscle
Reflection of the cellular calcium movements? Gen Physiol Biophys 8, 521—538

Gwathmey J , Solaro R J (1990) Effects of 2,3-butanedione monoxime on (Ca?*), and
myofilament responsiveness (Abstract) Biophys J 57, 169

Gwathmey J Hajgar R, Solaro R (1991) Contractile deactivation and uncoupling of
crossbridges Effects of 2,3-butanedione monoxime on mammalian myocardium
Circ Res 69, 1280—1292

Herrmann C Wrav J , Travers F', Barman T (1992) Effect of 2,3-butanedione monoxime
on myosin and myofibrillar ATPases An example ot an uncompetitive inhibitor
Biochemistry (USA) 31, 12227—12232

Higuchi H , Takemor1 S (1989) Butanedione monoxime suppiesses contraction and ATP-
-ase activity of rabbit skeletal muscle J Biochem 105, 638—643

Holzhutter H G, Colosimo A (1990) SIMFIT A microcomputer software-toolkit for
modellistic studies 1n biochemistry Comput Appl Biosc1 6, 23—28

Honore E , Adamanditis M M Dupwis B A |, Challice C' E , Gulbault P (1987) Calcium
channels and excitation-contraction coupling in cardiac cells I Two components
of contraction in guinea-pig papillary muscle Can J Physiol Pharmacol 65,
1821—1831

Horackova M (1989) Possible role of Na™ Ca®*t exchange 1n the regulation of contractility
1 1solated adult ventricular myocytes from rat and guinea pig Can J Physiol
Pharmacol 67, 1525—1533

Hormtu K , Higuch1 H , Umazume Y Konishi M , Okazak: O , Kurthara S (1988) Mecha-
nism of action of 2,3-butanedione monoxime on contraction of frog skeletal muscle
fibre J Muscle Res Cell Motil 9, 156—164

Housmans P R (1991) Quantitative analysis of the intracellular Ca®" transient in mam-
malian cardiac muscle detected with the Ca®*-regulated photoprotemn Aequorin
J Mol Cell Cardiol 23, Suppl V, 68

Khandoudi N, Guo A C', Chesnais M , Feuvray D (1993) Skinned cardiac fibres of dia-
betic rats contractile activation and effects of 2,3-butanedione monoxime (BDM)
and caffeine Cardiovasc Res 27, 447—452

Kotsanas G , Holroyd S, Wendt T, Gibbs C (1993) Intracellular Ca**, force and activa-
tion heat in rabbit papillary muscle Effects of 2,3-butanedione monoxime J Mol
Cell Cardiol 25, 1349—1358

Kurihara S, Saeki1 Y, Hongo K, Tanaka E, Sudo N (1990) Effects of length change
on mtracellular Ca?’ transients 1n ferret ventricular muscle treated with 2.3-
butanedione monoxime (BDM) Jpn J Physiol 40, 915—920

Lammerich A (1992) Das 1sometrische Mechanogramm von Ratten- und Meerschwein-
chenpapillarmuskeln als Abbild inotroper Mechanismen Dissertation, Medizinische
Fakultat der Humboldt-Universitat zu Berlin



392 Lammerich et al.

Lewartowski B., Rozycka M., Janiak R. (1994): Effects of thapsigargin in normal and pre-
treated with ryanodine guinea pig cardiomyocytes. Amer. J. Physiol. 266, H1829—
H1839

Li T., Sperelakis N., Teneick R. T., Solaro R. (1985): Effects of Diacetyl Monoxime on
cardiac excitation- contraction coupling. J. Pharmacol. Exp. Ther. 232, 688—695

Liu Y., Cabo C., Salomonsz R., Delmar M., Davidenko J., Jalife J. (1993): Effects of
diacetyl monoxime on the electrical properties of sheep and guinea pig ventricular
muscle. Cardiovasc. Res. 27, 1991—1997

Marijic J., Buljubasic N., Stowe D. F., Turner L. A., Kampine J. B., Bosnjak Z. J. (1991}:
Opposing effects of diacetyl monoxime on contractility and calcium transients in
isolated myocardium. Amer. J. Physiol. 260, H1153—H1160

Mulieri L., Alpert N. (1984): Differential effects of 2,3-butanedione monoxime (BDM) on
activation and contraction. (Abstract) Biophys. J. 45, 47TA

Perreault C., Mulieri L., Alpert N., Ransil B., Allen P., Morgan J. (1992): Cellular basis
of negative inotropic effect of 2,3-butanedione monoxime in human myocardium.
Amer.J. Physiol. 263, H503—H510

Peterson J. N., Hunter W. C., Berman M. R. (1991): Estimated time course of Ca** bound
to troponin C during relaxation in isolated cardiac muscle. Amer. J. Physiol. 260,
H1013—H1024

Schauer M., Heinrich R. (1983): Quasi-steady-state approximation in the mathematical
modelling of biochemical reaction networks. Math. Biosci. 65, 155—170

Spurgeon H., DuBell W., Stern M., Sollott S., Ziman B., Silverman H., Caprogrossi M.,
Talo A., Lakatta E. (1992): Cytosolic calcium and myofilaments in single rat car-
diac myocytes achieve a dynamic equilibrium during twitch relaxation. J. Physiol.
(London) 447, 83—102

Steele D., Smith G. (1993): Effects of 2,3-butanedione monoxime on sarcoplasmic reticu-
lum of saponin- treated rat cardiac muscle. Amer. J. Physiol. 265, H1493—H1500

Venema R., Raynor R., Noland Jr. T., Kuo J. (1993): Role of protein kinase C in the
phosphorylation of cardiac myosin light chain 2. Biochem. J. 294, 401—406

Wang J., Lee N. (1990): Primary and secondary effects of 2,3-butanedione monoxime on
Ca®" mobilization in mammalian heart muscle (Abstract). Biophys. J. 57, 169

West J., Stephenson D. (1989): Contractile activation and the effects of 2,3-butanedione
monoxime (BDM) in skinned cardiac preparations from normal and dystrophic
mice (129/ReJ). Pfliigers Arch., Eur. J. Physiol. 413, 546—552

Yue D. T. (1987): Intracellular [Ca’*] related to rate of force development in twitch
contraction of heart. Amer. J. Physiol. 252, H760—H770

Zhao Y., Kawai M. (1994): BDM affects nucleotide binding and force generation steps
of the cross- bridge cycle in rabbit psoas muscle fibers. Amer. J. Physiol. 266,
C437—C447

Final version accepted October 17, 1994



