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Mechanism of the Direct, Negative Inotropic Effect
of Etomidate in Isolated Ferret Ventricular

Myocardium
Maria Mattheussen, M.D.,” Philippe R. Housmans, M.D., Ph.D.t

Background: Etomidate exerts a mild, positive inotropic ef-
fect in rat ventricular myocardium, yet has a negative inotro-
pic effect in isolated rabbit ventricular myocardium. The aim
of this study was to investigate the mechanisms of etomidate’s
inotropic effect and its underlying mechanism in isolated fer-
ret ventricular myocardium (which shows similar physiologic
characteristics as human ventricular myocardium) and in frog
ventricular myocardium, in which Ca** ions for myofibrillar
activation are derived almost entirely from transsarcolemmal
influx.

Methods: The authors analyzed the effects of etomidate after
B-adrenoceptor blockade on variables of contractility and re-
laxation, and on the free intracellular Ca** transient detected
with the Ca**-regulated photoprotein aequorin. Etomidate’s
effects were also evaluated in ferret right ventricular papillary
muscles in which the sarcoplasmic reticulum (SR) function
was impaired by ryanodine, and in frog ventricular strips with
little or no SR function.

Results: At concentrations > 3 ug/ml, which by far exceed
the clinically useful concentration range, etomidate decreased
contractility and the amplitude of the intracellular Ca** tran-
sient. At equal peak force, control peak aequorin luminescence
in [Ca™*], = 2.25 mm and peak aequorin lnminescence in etom-
idate 10 pg/ml and [Ca**], > 2.25 mMm did not differ, which
indicates that etomidate does not alter myofibrillar Ca** sen-
sitivity. After inactivation of sarcoplasmic reticulum Ca** re-
lease with ryanodine 107¢ M, a condition in which myofibrillar
activation depends almost exclusively on transsarcolemmal
Ca™ influx, etomidate caused a decrease in contractility and
in the amplitude of the intracellular Ca** transient, and etom-

idate’s relative negative inotropic effect was not different from
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that in control muscles not exposed to ryanodine. Etomidate
10 ug/ml decreased contractility in frog ventricular myocar-
dium.

Conclusions: These findings indicate that the direct neg-
ative inotropic effect of etomidate results from a decrease
in intracellular Ca** availability with no changes in myo-
fibrillar Ca*" sensitivity. At least part of etomidate’s action
is caused by inhibition of transsarcolemmal Ca"" influx.
Yet, these effects become apparent only at concentrations
that are at least one order of magnitude larger than those
encountered in clinical practice. (Key words: Aequorin.
Anesthetics, intravenous: etomidate. Heart: contractility;
intracellular Ca** transient.)

ETOMIDATE is a short-acting intravenous anesthetic
induction agent with minor cardiovascular effects.'?
It has a high therapeutic index, and is particularly
useful in patients with poor cardiovascular reserve.?
Although the clinical effects on myocardial perfor-
mance are small in rabbit myocardium, etomidate
exerts a negative inotropic effect at concentrations
of 2 and 4 mg/1.* These data indicated that etomidate
decreased the influx of calcium across the sarco-
lemma, while preserving sarcoplasmic reticulum
function. In rat papillary muscle, however, etomi-
date has been reported to exert a mild positive ino-
tropic effect, illustrated by an increase in the max-
imum velocity of shortening and no effect on iso-
metric force development.” However, etomidate
caused a slight decrease in isometric force under
certain experimental conditions.®> The aim of the
current study was to evaluate the effect of etomidate
on contractility in ferret papillary muscle and frog
ventricular myocardium, and to investigate the
mechanism by which etomidate exerts its effects on
myocardial contractility by studying the intracel-
lular calcium transient with the calcium-regulated
photoprotein aequorin.® Potential differences of re-
sults in myocardium of different species will shed
further light onto the mechanism(s) of inotropic ef-
fects of etomidate.
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Materials and Methods

This study was approved by the Animal Care and Use
Committee of the Mayo Foundation. We used papillary
muscles from the right ventricle of adult male ferrets
(weight 1,100~1,500 g, age 16~19 weeks). The ani-
mals were anesthetized with sodium pentobarbital
(100 mg/kg, intraperitoneally), and the heart was
quickly removed through a left thoracotomy. The right
ventricle was opened, and suitable papillary muscles
were excised and mounted in a temperature-controlled
(30° C) muscle chamber that contained a physiologic
salt solution of the following composition (mm): Na*
135; K* 5; Ca** 2.25; Mg®* 1; CI” 103.5; HCO3 24;
HPOj™ 1;SO%™ 1; acetate 20; glucose 10. This solution
was equilibrated with 95% O, and 5% CO, (pH = 7.4).
Suitable preparations were selected on the basis of pre-
viously used criteria.” The muscles were held between
the lever of a force-length transducer (Innovi, Zaven-
tem, Belgium) and a miniature Lucite clip with a built-
in stimulation electrode. Muscles were stimulated at a
stimulus frequency of 0.25 Hz, with rectangular pulses
of 5 ms duration and an intensity 10% above threshold.
Muscles were made to contract in alternating series of
four isometric and four isotonic twitches at preload
only during a 2-h period of stabilization before the on-
set of the experiment. All experiments were carried
out with the initial muscle length set at L, 7.e., the
muscle length at which active force development is
maximal. All ferret papillary muscles were pretreated
with 1077 M (£)-bupranolol HCI® before the onset of
the experiment to abolish any sympathetic effects.

Contractile Variables

Isometric twitches at L, were recorded in control
conditions and during steady state at each etomidate
concentration. Peak developed force (DF), time to peak
force (TPF), and time to 50% isometric relaxation
measured from time to peak force (RTH) were mea-
sured from isometric twitches.

Detection of the Intracellular Ca* Transient
After the initial 2-h stabilization period, electrical
stimulation was stopped and multiple superficial cells

#Bialkali photomultipliers have a photocathode that is made of
borosilicate, and are the best choice to match light sources emitting
in the blue/green region of the visible spectrum. The photocathode
is deposited as a semitransparent layer of CsSb (or BeCu in some
photomultipliers) directly on the inside of the window.
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were microinjected with the Ca**-regulated photopro-
tein aequorin,® to allow for subsequent detection of
the intracellular Ca** transient. It was usually necessary
to microinject 30-100 cells. After microinjection,
muscles were not stimulated for 2 h, to allow for re-
sealing of the plasma membranes of the injected cells.
They were then carefully transferred to, and mounted
in, a vertical muscle chamber that allowed for simul-
taneous detection of variables of contractility and of
aequorin luminescence.””"' The aequorin-injected
muscle was positioned in a narrow glass extension at
the base of the organ chamber at one focal point of a
bifocal ellipsoidal reflector. The photocathode of a
bialkali photomultiplier¥ (EMI 9235QA) was located
at the other focal point. Muscles were made to contract
isometrically at Ly, throughout experiments in which
aequorin luminescence was measured. It was usually
necessary to average luminescence and force signals of
16-256 twitches to obtain a satisfactory signal-to-noise
ratio in aequorin luminescence signals. This was ac-
complished on a digital oscilloscope (Nicolet 4094C,
Madison, WI).

Because aequorin is consumed in the reaction with
Ca*”*, the magnitude of successive aequorin lumines-
cence to a given [Ca**), decreases over time. To more
validly compare aequorin luminescence signals ob-
tained at different times during the experiment, we
corrected them for aequorin consumption.'? The cor-
rection method is based on the observation that the
integrated aequorin luminescence is directly related to
aequorin concentration in an #n vitro solution,®'* and
it is assumed that this is the case within the cytosol, as
well. Aequorin luminescence was recorded every 0.5
ms throughout the experiment, and values of aequorin
luminescence were integrated over the time of the en-
tire experiment, including all twitches, and during lysis
of the cells at the end of the experiment. At the end of
each experiment, the physiologic salt solution was
quickly removed from the muscle chamber, and 10 ml
of a solution of 10 mm CaCl, and 4% Triton X-100 in
distilled H,O (30° C) was flushed into the organ bath.
This results in rapid cellysis and rapid ““discharge’’ of
all remaining cytoplasmic aequorin.'* Light emission
from aequorin was recorded throughout this procedure
and during the subsequent 15 min. Figure 1 (right)
shows a typical example of the aequorin luminescence
signal caused by the sudden discharge of aequorin dur-
ing cellysis at the end of the experiment. Aequorin lu-
minescence during cellysis is usually about 1,000 times
higher than a typical aequorin signal during a twitch
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Fig. 1. Determination of aequorin consumption. (ZLef?) Aequorin luminescence signal from a single isometric twitch of a ferret
right ventricular papillary muscle. (Middle) Digitally signal-averaged aequorin luminescence signal from all twitches throughout
a typical experiment; 996 twitches were averaged. The area under the aequorin luminescence curve is the sum of areas of all
twitches. The arrow indicates the time of the electrical stimulus. (Right) Aequorin luminescence signal during cellysis at the
end of the experiment. A solution of 4% Triton X-100, 10 mm CaCl; (30° C) was rapidly flushed into the muscle chamber (arrow).
Note the rapid discharge of all remaining aequorin in the tissue, and that the amplitude scale is 1,000 times less sensitive than
that for twitches (left and middle panels). In this example, aequorin consumption during the entire experiment was 45.41/
(3253.71 + 45.41) = 0.0137, or 1.37%. In all experiments, aequorin signals at different stages of the experiment were corrected

for consumption every 0.5 ms.

(fig. 1, left). Figure 1 (middle) shows the result of
averaging all twitches in a typical experiment. The total
amount of aequorin in the tissue (Ar) is derived from
the sum of the area under all aequorin signals during
the entire experiment, including cellysis. The baseline
value from which to measure aequorin luminescence

for the purpose of calculating consumption is deter- -

mined from the photomultiplier anode current re-
corded at the end of cellysis after all aequorin has been
consumed and the muscle is still in identical optical
recording conditions. At any given time during the ex-
periment, the amount of aequorin already consumed
(Ay) is given by the sum of areas under the acquorin
luminescence signal up to that time. Therefore, the
amount of aequorin that remains at any time is given
by Aq-Ay.

At the conclusion of the experiment, aequorin lu-
minescence during twitch contraction was corrected
point by point (every 0.5 ms) for aequorin consump-
tion by multiplying each aequorin luminescence value
every 0.5 ms with the ratio of total aequorin/aequorin
remaining at that time

Ar
Ap —~ AU.

The corrected aequorin luminescence AL is then cal-
culated every 0.5 ms as

ALc = ALy * [Ar/(Ar — Av)],
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where ALy = the measured aequorin luminescence; Ay
= the area that represents total aequorin content; and
Ay = the area that represents aequorin already con-
sumed at the time of the measurement ALy. Aequorin
signals were corrected for consumption in all muscles,
except for two muscles in group 3. Aequorin con-
sumption was quite minimal during most experiments
(see results section). We quantified the following vari-
ables from the aequorin luminescence signals corrected
for aequorin consumption: diastolic aequorin lumi-
nescence, peak systolic aequorin luminescence, time
to peak aequorin luminescence, and t;»s (time from
the stimulus to the time when aequorin luminescence
had decreased to 25% of its peak value).

Experimental Design

Six protocols were used to examine the mechanism
of etomidate’s direct inotropic effect; each muscle
served as its own control.

In group 1 muscles (n = 8), we determined possible
changes in the intracellular Ca** transient during ex-
posure to etomidate. After S-adrenoceptor blockade
with 1077 M ()-bupranolol HCI, a dose-response curve
to etomidate was obtained in each of eight muscles
(group 1). The following steps were used: control, and
0.3 ug/ml, 1 ug/ml, 3 ug/ml, and 10 pg/ml ctomidate.
These concentrations equate to concentrations of 1.2,
4.1, 12.3, and 40.9 um, respectively. The muscles were
exposed to each concentration of etomidate until a
steady state of at least 5 min was achieved before con-
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tractile response was recorded. In group 2 muscles (n
= 8), the effects of etomidate’s solvent, propylene gly-
col (35% v/v), were examined in concentrations that
correspond to those used in group 1 muscles.

The plasma concentration of etomidate 4 min after a
single intravenous 0.3 mg/kg dose is 0.3 ug/ml,'* and
may be higher sooner after intravenous injection. Yet,
because about 75% of etomidate is protein-bound, the
concentration range tested in this study must be con-
sidered as high, ranging from intravenous bolus dose
range (0.3 ug/ml) to higher concentrations (1, 3, 10
pg/ml).

In group 3 muscles (n = 11), we determined whether
etomidate possibly alters myocardial relaxation or
myofibrillar Ca*™* sensitivity. Each of 11 muscles was
pretreated with 1077 M (%)-bupranolol, and subjected
to ““Ca*"-back titration” experiments: after measure-
ment of control variables of the isometric twitch, mus-
cles were exposed to etomidate 10 ug/ml. Extracellular
[Ca**] was then rapidly raised by adding small aliquots
of a concentrated CaCl, solution (112.5 mMm) to the
bathing solution, unti! peak developed force was equal
to that in the control twitch. This protocol allowed us
to compare relaxation and time variables and aequorin
luminescence signals in control and in the presence of
etomidate 10 ug/ml at equal peak developed force
(Student’s paired t test).

In group 4 muscles (n = 6), we attempted to deter-
mine whether transsarcolemmal Ca** exchange is af-
fected by etomidate, by excluding the contribution of
the sarcoplasmic reticulum to Ca™* release by pretreat-
ment with the plant alkaloid ryanodine. Each of six
muscles was exposed to 1077 M (x)-bupranolol and
107 M ryanodine. The effects of 0.3, 1, 3, and 10 ug/
ml etomidate on contractile variables and aequorin lu-
minescence (n = 6) were assessed.

In group 5 (n = 5), we examined the effects of pro-
pyleneglycol alone after 1077 M (%)-bupranolol and
107¢ M ryanodine, to determine whether any effects of
etomidate may be attributable to its solvent.

In group 6 muscles (n = 8), we assessed the effects
of etomidate on frog ventricular myocardium, a species
that is primarily dependent on transsarcolemmal Ca**
exchange for activation.'® Ventricular strips were cut
from the ventricle of pithed frogs (Rana pipiens), and
were mounted vertically in the muscle chamber for
measurements of contractility variables during etomi-
date dose-response experiments. The physiologic salt
solution was diluted to 80% of its original composition
with distilled water to approximate the composition
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of extracellular fluid in frogs.'® Frog ventricular strip
experiments were carried out at 25° C.

The effects of etomidate (groups 1, 4, and 6) and of
propylene glycol (groups 2 and 5) on contractility
variables and on peak aequorin luminescence were as-
sessed with repeated-measures ANOVA. When appro-
priate, Dunnett’s test was used to compare effects of
individual drug concentrations with control. P < 0.05
was considered to be significant.

To compare the dose-response curve to etomidate in
propylene glycol with that to propylene glycol alone
(group 1 vs. group 2; group 4 vs. group 5), the fol-
lowing procedure was used. First, the inotropic re-
sponse to drug in each muscle was expressed as percent
of control. Second, the sums of percent effect over the
entire drug concentration range were compared be-
tween corresponding (groups 1 and 2 and groups 4
and 5) with Student’s # test.

All waveforms of aequorin luminescence, force, length,
and velocity were displayed as a function of time on a
four-channel digital oscilloscope (Nicolet 4094C), stored
permanently on floppy disks and recorded at slow speed
on a four-channel pen recorder (Honeywell 1400, Min-
neapolis, MN). All waveforms of interest recorded on the
digital oscilloscope were transferred to a computer (Rea-
son Technology 486/33 MHz, Minneapolis, MN), on
which variables of contraction and relaxation, aequorin
luminescence, and corresponding time values were au-
tomatically determined.

To determine whether etomidate influences the Ca*™-
sensitivity of aequorin, we used an aequorin iz vitro assay
apparatus® to measure aequorin luminescence in the
presence and absence of etomidate 100 pug/ml in a so-
lution containing 150 mm KCl, 5 mm PIPES (piperazine-
N,N bis-2-ethanesulfonic acid), 2 mm EGTA (ethylene
glycol bis [B-aminoethylether]-N,N,N',N-tetraacetic acid),
and 2 mMm CaEGTA, pH 7.00. This solution approximates
the ionic composition of the intracellular milieu, and
produces, at 22° C, a pCa of 6.4, which is in the range
of myoplasmic-free Ca™ concentrations encountered
during a twitch. The effects of 100 ug/ml etomidate on
the Ca™ sensitivity of aequorin luminescence was also
assessed in a Ca™*-free solution containing only KCl and
PIPES in the same concentration as listed above, to de-
termine whether etomidate alters Ca**-independent ae-
quorin luminescence.

Results

Among the four muscle groups, there were no statis-
tically significant differences in muscle length at Ly,
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mean cross-sectional area (CSA), peak developed force
(DF), and ratio of resting to total peak isometric force
at Ly, (R/T). When all muscle characteristics are
pooled, Ly, was 6.1 = 1.2 mm, CSA was 0.71 = 0.28
mm?, DF was 25.51 * 14.62 mN.mm™?, and R/T was
0.17 £+ 0.07 (all data are mean * SD; n = 33). Aequorin
consumption amounted to 2.42 = 2.00% (mean = SD;
n = 8) in group 1, to 2.33 = 1.48% (mean * SD; n =
8) in group 2, to 2.30 * 2.64% (mean * SD; n = 9)
in group 3, and to 7.15 * 3.47% (mean = SD; n = 6)
in group 4. One-way ANOVA and Student’s # tests re-
vealed that aequorin consumption in group 4 (ryano-
dine + etomidate) was significantly higher than in
group 1 (P < 0.05), group 2 (P < 0.01), and group 3
(P < 0.05). The significantly higher aequorin con-
sumption in group 4 may result from the longer du-
ration of the experimental protocol in this group.
Etomidate, 100 ug/ml (in propyleneglycol), a tenfold
higher concentration than that used in these experi-
ments, did not alter the Ca**-independent aequorin
luminescence, nor the Ca**-sensitivity of aequorin at
pCa 6.4 (22° C, pH 7.0) in in vitro assays.

Table 1 shows the values of aequorin luminescence
and of measurements of contractility in the dose-re-
sponse experiments to etomidate (in propylene glycol;
group 1; n = 8) and to etomidate’s solvent, propylene
glycol alone (group 2; n = 8). Table 1 and figures 2
and 3 illustrate that = 3 pg/ml etomidate decreased
both DF and aequorin luminescence. By contrast, pro-
pylene glycol alone had no significant effects on DF or
aequorin luminescence. Diastolic aequorin lumines-
cence (except at 10 ug/ml etomidate) and time to peak
aequorin luminescence were not significantly altered
by ectomidate or its solvent alone. Etomidate, 10 ug/
ml, caused a slight prolongation in the duration of the
decline of aequorin luminescence (table 1; ti»s),
whereas propylene glycol was without effect on t,,s.
Time to peak force (TPF), and time to half isometric
relaxation (RTH), were significantly shortened by
etomidate and by its solvent propylene glycol alone at
concentrations = 1 ug/ml (TPF) and = 3 pg/ml (RTH).
Global comparison of effects on contractile variables
by etomidate (in propylene glycol) and propylene gly-
col alone showed that: (1) there were no differences
of effect on diastolic aequorin luminescence, time to
peak aequorin luminescence, and time to peak force
by either etomidate or its solvent; (2) etomidate’s ef-
fects to decrease peak aequorin luminescence and DF
were significantly different from the lack of effect of
propylene glycol alone; and (3) etomidate’s effect on
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time to half isometric relaxation differed from that of
its solvent.

To determine whether etomidate alters myofibrillar
Ca** responsiveness, aequorin luminescence signals
were measured in 11 muscles (group 3), and were
compared at equal peak developed force in control
(fig. 4, left) and after exposure to 10 ug/ml etomidate
in elevated [Ca*™], (fig. 4, right). Table 2 lists the values
of aequorin luminescence and of contractile variables
in control, in 10 ug/ml etomidate and in 10 ug/ml
etomidate in higher [Ca™*],. The [Ca™*], reached during
back titration was 3.35 * 0.28 mM (mean * SD; n =
11). As observed for group 1 muscles, 10 ug/ml etom-
idate decreased aequorin luminescence, peak devel-
oped force, time to peak force, and time to half iso-
metric relaxation. When etomidate’s negative inotropic
effect on DF was corrected by raising [Ca**],, peak ae-
quorin luminescence was not significantly different
from control (P > 0.05, n = 11, Student’s paired ¢
test); TPF and RTH were still significantly decreased
from control values (table 2).

To assess the effects of etomidate on contractility in-
dependent of the sarcoplasmic reticulum Ca** release,
aequorin luminescence and contractility were mea-
sured under isometric conditions in ferret papillary
muscle after exposure to 107° M ryanodine (group 4;
fig. 5). Consistent with its effects on the SR, 107 m
ryanodine decreased developed force and peak ae-
quorin luminescence from control conditions (table
3; fig. 5, left). In muscles pretreated with 107° M ry-
anodine, force and aequorin luminescence were further
decreased by etomidate at concentrations = 3 ug/ml.

The role of the sarcoplasmic reticulum in etomidate’s
negative inotropic effect was further evaluated by com-
paring the relative effects of etomidate on DF and ae-
quorin luminescence in group 1 muscles with intact
SR with those in group 4 muscles with ryanodine-in-
activated SR. The results are summarized in figure 6.
The relative effects of etomidate on DF and aequorin
luminescence with or without functional sarcoplasmic
reticulum did not differ (DF, P > 0.5; aequorin lumi-
nescence, P > 0.2; Student’s ¢ test on sums of effects
over entire concentration range).

The effects of propyleneglycol by itself after 107¢
M ryanodine was assessed in an additional series of
five muscles (group 5). At concentrations equivalent
to those present in 0.3, 1, 3, and 10 ug/ml etomidate,
propyleneglycol increased peak developed force
slightly to, respectively, 106.7 £ 8.5%, 111.5 *
8.9%,113.6 +10.0%, and 118.1 + 13.0% of control
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Table 1. Aequorin Luminescence and Variables of Contractility during Cumulative Dose-Response Experiments to Etomidate

in Propylene Glycol and to Propylene Glycol Alone

Etomidate
+ Propylene
Glycol versus

Etomidate Etomidate Etomidate Etomidate Propylene Glycol
Control 0.3 ug/ml 1 ug/ml 3 ug/ml 10 pg/ml (t test on sums)
Diastolic aequorin
luminescence (nA)
Etomidate -+ propylene
glycol 0.41+ 0.09 042+ 0.11 039+ 0.12 035+ 0.11 0.33+ 0.10* NS
Propylene glycol only 0.37 £+ 0.06 0.54 + 0.57 0.50 = 0.28 0.35+ 0.05 0.33+ 0.10
Peak systolic aequorin
luminescence (nA)
Etomidate -- propylene
glycol 7.85+ 4.35 812+ 479 740+ 434 578 + 2.97* 381+ 217t P <0.01
Propylene glycol only 714 £ 539 7.25+ 5.80 6.43 = 4.69 6.49 + 4,92 6.31 = 4.07
Time to peak aequorin
luminescence (ms)
Etomidate + propylene
glycol 478 + 7.2 513 + 7.5 485 + 6.7 49.0 = 6.6 528 + 8.8 NS
Propylene glycol only 525 + 8.4 523 + 8.8 511 + 741 493 * 6.5 523 = 7.3
Peak developed force
(mN-mm=2)
Etomidate + propylene
glycol 2572+ 8.64 2528 + 8.52 2418 + 8.08 21.72 + 7.39% 14.43 + 5.821 P < 0.001
Propylene glycol only 25.95 + 14.57 25.81 = 13.81 26.07 = 14.97 26.06 = 14.67 25.86 + 14.74
Time to peak force (ms})
Etomidate + propylene
glycol 2134 =166 2114 =165 207.0 =+16.0" 201.5 +15.4¢t 189.9 +15.0t NS
Propylene glycol only 2131 *+16.1 210.0 £175 207.0 =17.2* 205.6 +17.7¢ 2039 +18.9¢
Time to half isometric
relaxation (ms)
Etomidate -+ propylene
glycol 1381 +23.5 135.0 +23.0 132.0 =216 126.5 =+ 20.2} 111.8 *15.5% P <0.05
Propylene glycol only 130.5 £24.5 128.4 =+ 234 126.3 + 2.4 1241 =+ 24.0% 1221 + 24171
Time to 25% aequorin
luminescence (ms)
Etomidate + propylene
glycol 1279 £+ 941 128.2 =105 1282 + 9.2 1324 = 7.5 137.8 +10.7¢ NS
Propylene glycol only 128.6 =122 1303 = 87 130.6 +12.3 129.3 +13.6 1274 +151

Data are means + SD; n = 8 both for etomidate + propylene glycol (group 1) and for propylene glyco! alone (group 2).
* P < 0.05 for comparison with control by repeated-measures analysis of variance and Dunnett’s test.
1 P < 0.01 for comparison with control by repeated-measures analysis of variance and Dunnett's test,

(in 107¢ M ryanodine). In muscles exposed to 107°
M ryanodine, the effects of etomidate in propylene-
glycol on peak developed force were significantly
different from those of propyleneglycol alone (DF;
P < 0.01; Student’s ¢ test on sums of effects over
entire concentration range).

In frog ventricular muscle (group 6; n = 8), etom-
idate had no significant effect on either peak force
of isometric twitches (DF) or on peak shortening

Anesthesiology, V 79, No 6, Dec 1993

(DL) of isotonic preloaded twitches at concentra-
tions up to 3 ug/ml (figs. 7 and 8). Etomidate, 10
ug/ml, caused a small negative inotropic effect (figs.
6 and 7). DF was decreased from a control value of
19.64 £ 6.59 to 18.08 £ 5.80 mN.mm™? (mean =+
SD; n = 8) in 10 ug/ml etomidate, and DL was de-
creased from control value (mean + SD; n = 8) of
0.197 = 0.060 to 0.184 £ 0.060 1/Lmax in 10 ug/
ml etomidate.
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Control

[Etomidate] ,1pg/ml

[Etomidate] ,10pg/ml
0.25nA

100ms

Fig. 2. Aequorin luminescence and force traces during isometric twitches of a right ventricular ferret papillary muscle in control
(left) and during exposure to 1 ug/ml (middle) and 10 ug/ml (right) etomidate. Sixty-four twitches were averaged in each panel.

Discussion

Etomidate is a short-acting intravenous anesthetic in-
duction agent that has minor cardiovascular effects.!'?
It has a high therapeutic index and is particularly useful
in patients with poor cardiovascular reserves.? Although
the clinical effects on myocardial performance are
small, etomidate exerts a negative inotropic effect in
rabbit myocardium at concentrations that exceed the
clinical useful range.* These authors concluded that
etomidate decreased the influx of calcium through the
sarcolemma while the function of the sarcoplasmic re-
ticulum (SR) was well preserved. By contrast, in rat
papillary muscle, etomidate exerted a mild positive
inotropic effect, as shown by an increased maximal ve-
locity of shortening and no effect on isometric force

Peak Aequorin Luminescence

100 &— . I

‘o) O
£ IS
o L
*

S s ™

o
xe O—O PROPYLENE GLYCOL &
©—@ ETOMIDATE
0 r r : .
0.3 1 3 10

[Etomidate], ug/ml

development.® In rat papillary muscle, a negative ino-
tropic effect was observed under some experimental
conditions.® Ferret ventricular myocardium is a good
model to study drug actions, because it shares certain
physiologic characteristics with human ventricular
myocardium. The density of sympathetic innervation
of the ferret right ventricle parallels that of human right
ventricle.'” The regulation of activator Ca** by sarco-
lemma and sarcoplasmic reticulum is similar in the two
species. This is expressed in the mechanical charac-
teristics of the two tissues exhibiting similar force-fre-
quency relationships and mechanical restitution
curves.'®!? Furthermore, information from experi-
ments carried out in different species can help to iden-
tify the predominant site of drug action because of dif-

Peak Developed Force

@ Q o) o)
1N,

' |
%

+*
0.3 1 3 10

[Etomidate], ug/ml

Fig. 3. Summary of dose-response experiments to etomidate in propylene glycol (n = 8; @) and to propylene glycol alone (n =
8; O) for peak aequorin luminescence (leff) and peak developed force (right) in ferret right ventricular papillary muscle. Data

are mean * SD, *P < 0.05; P < 0.01.
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Control
[Ca?*] =2.25mM

[Etomidate] ,10ug/ml
[Ca?*] = 2.25mM

[Etomidate] ,10pg/ml
[Ca?*] = 3.21mM

A Jo

ferent contributions to excitation-contraction coupling
by SR Ca** release and transsarcolemmal Ca™ entry in
rat, ferret, rabbit, and frog ventricular myocardium.
This in vitro study clearly demonstrates the negative
inotropic effect of etomidate in ferret ventricular myo-
cardium at concentrations of 3 ug/ml and greater. This
concentration is much higher than the free plasma
etomidate concentration typically found after an intra-
venous bolus injection of etomidate.' Four minutes
after an intravenous bolus injection of 0.3 mg/kg
etomidate in humans, the plasma concentration was
0.3 ug/ml. Yet, because about 75% of etomidate is pro-
tein bound, the concentration range studied here must
be considered as higher than that encountered clini-
cally. The negative inotropic effect of etomidate, ob-
served in our study, is accompanied by a decrease in

4

Fig. 4. Aequorin luminescence and force traces of isometric twitches during a typical Ca** back-titration experiment. After an
initial control (left), muscles were exposed to 10 ug/ml etomidate (middle) and [Ca**], was subsequentially rapidly raised (»ight),
so that peak force equaled that in the control. At equal peak force with (righf) and without (leff) etomidate, there was no
difference in peak aequorin luminescence. Sixty-four twitches were averaged in each panel.

peak aequorin luminescence. The concomitant de-
crease in the amplitude of contraction and the ampli-
tude of the intracellular Ca** transient is most likely
caused by a reduced availability of intracellular Ca**.
This decreased intracellular Ca** concentration can
result from decreased Ca™™ release by the SR or de-
creased net transsarcolemmal Ca*™ entry.

To differentiate between these mechanisms, we stud-
ied the effects of etomidate in myocardium after SR
Ca*™" release was completely abolished by ryanodine
pretreatment.’®?" The plant alkaloid ryanodine binds
to specific myocardial receptors,®® and reduces the
availability of Ca** from the SR for contractile activa-
tion.?® Ryanodine markedly decreases the amount of
Ca** released from the SR, and has no effect on the SR
Ca™ uptake pump,?® or the Na*-Ca*" exchanger. The

Table 2. Aequorin Luminescence and Isometric Force Variables in Ferret Papillary Muscle during Ca®" Back-titration
Experiments in the Presence of Etomidate 10 pg/ml in Propylene Glycol

Control
[Ca?*]y = 2.25 mMm

Etomidate 10 ug/ml
[Ca®*]y = 2.25 mm

Etomidate 10 pg/ml
[Ca?*], > 2.256 mM

Diastolic aequorin luminescence (nA) 091+ 1.1
Peak systolic aequorin luminescence (nA) 8.13 + 4.88
Time to peak aequorin luminescence (ms) 527 +10.9
Peak developed force (mN - mm™?) 23.65 + 12.40
Time to peak force (ms) 205.3 +20.6
Time to half isometric relaxation (ms) 126.4 =+ 29.1

091+ 1.06
509+ 3.81*
506 = 8.8
13.27 £ 5.46*
190.3 =+ 18.2t
109.6 =+ 22.1%

081+ 1.08
8.87 + 6.16
526 = 6.7
23.85+ 12.23
197.8 +20.0%
1204 = 26.9*

Data are means = SD; n = 11 (group 3).

*P < 0.01 for comparison with control by Student's paired t test.
T P < 0.001 for comparison with control by Student's paired t test.
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CONTROL
(+)-Bupranolol 10 'M

CONTROL
(+)-Bupranolol 10°'M
Ryanodine 10°%M-

10mN
q\é\/Control 200ms
|

1nA

Ryanodine 10°'M

ETOMIDATE 3ug/mi
(+)-Bupranolol 10°"M

ETOMIDATE 10ug/ml
(+)-Bupranolol 10°"M

Ryanodine 10°%M Ryanodine 10°®M

5mN

200ms

Fig. 5. Effects of etomidate on force and aequorin luminescence after inactivation of SR Ca** release by 107% m ryanodine. The
extreme left panel shows superimposed traces of force and of aequorin luminescence during isometric twitches before and
after 1075 M ryanodine. Note the change in vertical scales in the other panels that represent the dose-response experiment to
etomidate after 10~ M ryanodine. One hundred twenty-eight twitches were averaged in control, and 256 twitches were averaged

in 107¢ M ryanodine.

significant reduction in all contractile variables from
control measurements after 107° M ryanodine is similar
in magnitude to that reported previously in similar®®
and identical®*® experimental conditions, and reflects
the substantial contribution of the SR to the activator
Ca** pool in ferret ventricular myocardium. In the
presence of 107° M ryanodine, etomidate caused a fur-
ther reduction in contractile variables and peak ae-
quorin luminescence; moreover, the relative negative
inotropic effect of etomidate was not different from
that in muscles with intact SR (fig. 6). This strongly
indicates that etomidate exerts a depressant effect on

an alternative source of activator Ca**, most likely
transsarcolemmal Ca** influx. Frog ventricular myo-
cardium has a poorly developed SR, and is almost en-
tirely dependent on transsarcolemmal Ca** influx to
activate the myofibrillar apparatus.’® The etomidate-
induced decrease in contractility in frog ventricle is,
therefore, consistent with an effect of etomidate to de-
crease net transsarcolemmal Ca*t influx.

Our findings are in agreement with those of Komai
et al., who attributed the negative inotropic effect of
etomidate in isolated rabbit papillary muscle primarily
to inhibition of transsarcolemmal Ca*" influx with little

Table 3. Aequorin Luminescence and Contractile Variables in Ferret Papillary Muscle during Dose-Response Experiments

to Etomidate in the Presence of Ryanodine

Ryanodine 1078 m

Etomidate Etomidate Etomidate Etomidate
Control Control 0.3 pg/ml 1 pg/mi 3 ug/ml 10 pg/mi
Aequorin
luminescence (nA) 17.40 + 13.24 1.18+ 0.99 099+ 0.79 087+ 0.72 070+ 0.67* 054+ 0.41*
Time to peak aequorin
luminescence (ms) 440 + 28 124,17 + 32.7 116.8 +18.7 1385 +19.7 127.5 +24.78 110.0 + 334
Peak developed force
(mN-mm™2) 24.32 £ 11.84 6.03+ 2.92 592+ 3.24 501+ 3.33 412+ 2.83* 3.03+ 1.41*
Time to peak force (ms) 196.5 =+ 14.0 2415 329 2523 +41.7 2485 *51.5 2425 +56.4 2444 + 465
Time to half isometric
relaxation (ms) 1113 £252 98.0 +14.5 98.3 +14.2 104.0 254 1012 %153 98.0 =122

Data are means = SD; n = 6 (group 4).

* P < 0.01 for comparison with control in ryanadine by repeated-measures analysis of variance and Dunnett's test.
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Inotropic Effect of Etomidate

® DF with SR intact
OAL eodF@= 100
o/ 1'%
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Inotropic Effect of # #
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(Ryanodine)
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0 ContROL' 0.3 1 5 10
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Fig. 6. Effects of etomidate on peak developed force (DF, ®)
and peak aequorin luminescence (AL, O) in ferret right ven-
tricular papillary muscle (mean * SD; n = 8) with an intact
SR (upper graph; data from group 1) and after inactivation of
SR Ca'* release (lower graph) in muscles (mean =+ SD; n = 6)
exposed to 107° M ryanodine before the etomidate dose-re-
sponse experiments. *P < 0.05; #P < 0.01 for comparison with
corresponding control.

or no effect on Ca** release by the SR. The kinetics of
the aequorin luminescence signal are not affected by
etomidate up to and including 3 ug/ml, but the decline
was prolonged by 10 ug/ml etomidate. This slight pro-
longation by 10 ug/ml etomidate (but not by propylene
glycol alone) may be consistent with a slight inhibition
of the removal of Ca™ from the cytoplasm. At least
three mechanisms may be quantitatively involved: (1)
the sarcoplasmic reticulum Ca*™ pump; (2) the Na*/
Ca™ exchanger; and (3) the sarcolemmal Ca** pump.
A decreased SR function was indicated® by a length-
ening of isotonic relaxation and by a decreased postrest
potentiation during etomidate exposure in rat papillary
muscle, an effect that was not reported in rabbit pap-
illary muscle.? It is known, however, that, in contrast
to the rabbit, the sarcoplasmic reticulum in rat ven-
tricular cells gains Ca** during rest.?” This may result
from a significantly higher intracellular Na* activity at
rest in rat than in rabbit ventricle, favoring Ca** entry
via Na*/Ca*" exchange during rest.”® The decreased
postrest potentiation observed in rat myocardium?® after
1 min rest may, therefore, as well result from a de-
creased Ca*™ entry as from a decreased SR function.
Because, in rat ventricular myocardium, transsarco-
lemmal Ca** entry plays a smaller role than in ferret

Anesthesiology, V 79, No 6, Dec 1993

CONTROL

20mN
ETOMIDATE
0.3ug/mi
1ug/mi 250ms

3yg/mi

Fig. 7. Frog ventricular myocardium. Effects of etomidate on
isometric force development of frog ventricular strips. Force
traces of isometric twitch contractions before and during an
etomidate dose-response experiment are superimposed.

or rabbit ventricular myocardium, it is not surprising
that etomidate has minimal effects on contractility in
the rat heart.” Although the slower decline of the ae-
quorin luminescence in 10 ug/ml etomidate may be
consistent with a slight inhibition of Ca** sequestration
by the SR, or with an inhibition of other Ca™ extrusion
mechanisms, the time course of the intracellular Ca™
transient is also determined and influenced by the sen-
sitivity of the myofibrils for Ca**. Therefore, it will be
necessary to compare drug-induced changes in ae-
quorin luminescence with those found during changes
in extracellular Ca™ concentration.

To determine possible effects of etomidate on myo-
fibrillar Ca** sensitivity, we measured aequorin lumi-
nescence in ‘“Ca** back titration” experiments in
which aequorin luminescence was measured in the ab-
sence and the presence of 10 ug/ml etomidate, at equal
force obtained by adjusting the extracellular Ca** con-
centration upwards in the presence of etomidate. The
assumption implicit to this type of analysis is that the

©
= : @ 9 . #
= 100 9\6
3 #
Y
o ®—@ DF
N O—0O DL
50 T T T T
1E—-1 0.3 1 3 10

[Etomidate], ug/mi

Fig. 8. Frog ventricular myocardium. Effects of ketamine on
peak developed force (DF, ®) and peak isotonic shortening
(DL, O) of frog ventricular strips. Values in etomidate (mean
+ SD; n = 8) are expressed as percent of control. #P < 0.01 for
comparison with corresponding control.
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Ca™ occupancy of troponin C at peak force is the same
in either condition, so that myofibrillar Ca** sensitivity
can be assessed from the relationship between [Ca*t],
and Ca** occupancy of troponin C. If etomidate alters
reaction mechanisms ‘‘downstream’’ from the binding
of Ca*™* to troponin C and modifies the relationship
between Ca** occupancy of troponin C and force, our
approach would be invalid. However, so far, there is
no evidence that this occurs. Moreover, it is difficult
to determine, in twitch contractions of intact living
muscle fibers, whether a particular intervention
changes myofibrillar Ca** responsiveness by compari-
son of force and Ca™™ transients alone, because the re-
lationship between force and [Ca**]; in twitch contrac-
tions does not reach steady state. When the kinetics of
the [Ca™]; transient are altered by the intervention, the
changes may be impossible to interpret in terms of
changes of myofibrillar Ca** responsiveness.” In our
experiments, because time to peak aequorin lumines-
cence was not changed in the Ca™ back titration ex-
periment, the conclusions based on our experimental
data should be valid. Because there was no change in
the relation between peak aequorin luminescence and
peak force under etomidate, it is unlikely that the myo-
fibrillar Ca** sensitivity is changed by etomidate. We
observed, however, a small decrease in RTH (time to
half-isometric relaxation) during Ca**-back titration.
This change may be related to an earlier time to peak
force, or to a decrease in myofibrillar Ca*™ sensitivity
that was not reflected in aequorin luminescence.

The negative inotropic effect of etomidate can, most
likely, be attributed to an interference with cellular
mechanisms that regulate intracellular Ca** availabil-
ity. The data from the Ca*" back titration experiments
indicates that the slight prolongation of the decline of
aequorin luminescence in 10 ug/ml etomidate is not
caused by changes in myofibrillar Ca** sensitivity. It
would seem more plausible to attribute these changes
to an inhibition of one or more of the processes re-
sponsible for the removal of Ca** from the cytosol dur-
ing diastole: the sarcoplasmic reticulum Ca** pump
or the Ca*™* extrusion mechanisms in the sarcolemma.

The results of this study must be interpreted in the
context of the experimental conditions in which they
were obtained. Results obtained here at 30° C and a
stimulus interval of 4 s may differ from those that one
could obtain at the more physiologic conditions of the
animal, 37-38° C and 200 beats/min. Furthermore,
the concentrations of etomidate at which inotropic ef-
fects are observed (3 ug/ml) are at least tenfold those

Anesthesiology, V 79, No 6, Dec 1993

observed in humans 4 min after an intravenous bolus
of etomidate. '

In conclusion, the evidence from the current study
indicates that etomidate exerts a mild direct negative
inotropic effect by decreasing transsarcolemmal Ca**
influx. The depressant effect may be caused by an in-
hibition of the sarcolemmal slow inward L-type Ca**
current. Possible effects of etomidate on other mem-
branous Ca** exchange mechanisms (Na*/Ca™ ex-
change, Ca™ ATPase export pump, etc.) cannot be ex-
cluded, and may necessitate further study.

The authors wish to thank Sharon Guy and Laurel Wanek, for superb
technical assistance; Janet Beckman, for outstanding secretarial sup-
port; and Jonathan Zlabek, summer student, for his enthusiastic par-
ticipation in the study.

References

1. Janssen PAJ, Niemegeers CJE, Marsboom RPH: Etomidate, a po-
tent non-barbiturate hypnotic: Intravenous etomidate in mice, rats,
guinea-pigs, rabbits and dogs. Arch Int Pharmacodyn 214:92-132,
1975

2. Criado A, Maseda J, Navarro E, Escarpa A, Avello F: Induction
of anaesthesia with ctomidate: Haemodynamic study of 36 patients.
Br J Anaesth 52:803-806, 1980

3. GoodingJM, Weng J-T, Smith RA, Berninger GT, Kirby RR: Car-
diovascular and pulmonary responses following etomidate induction
of anesthesia in patients with demonstrated cardiac disease. Anesth
Analg 58:40-41, 1979

4. Komai H, DeWitt DE, Rusy BF: Negative inotropic effect of
etomidate in rabbit papillary muscle. Anesth Analg 64:400-404,
1985

5. Riou B, Lecarpentier Y, Chemla D, Viars P: In vitro effects of
ctomidate on intrinsic myocardial contractility in the rat. ANESTHE-
SIOLOGY 72:330-340, 1990

6. BlinksJR, Mattingly PH, Jewell BR, van Leecuwen M, Harrer GC,
Allen DG: Practical aspects of the use of acquorin as a calcium in-
dicator: Assay, preparation, microinjection, and interpretation of sig-
nals. Methods Enzymol 57:292-328, 1978

7. Cook DJ, Carton EG, Housmans PR: Mechanism of the positive
inotropic cffect of ketamine in isolated ferret ventricular papillary
muscle. ANESTHESIOLOGY 74:880-888, 1991

8. Kaumann AJ, McInerny TK, Gilmour DP, Blinks JR: Comparative
assessment of B-adrenoceptor blocking agents as simple competitive
antagonists in isolated hcart muscle: Similarity of inotropic and
chronic blocking potencies against isoprotereno!l. Naunyn Schmie-
debergs Arch Pharmacol 311:219-236, 1980

9. BlinksJR, Endoh M: Modification of myofibrillar responsiveness
to Ca*™ as an inotropic mechanism, Circulation 73:111-85-111-98,
1986

10. Housmans PR, Lee NKM, Blinks JR: Active shortening retards
the decline of the intracellular calcium transient in mammalian heart
muscle. Science 221:159-161, 1983

11. Carton EG, Wanck LA, Housmans PR: Effects of nitrous oxide
on contractility, relaxation and the intracellular calcium transients

20z ludy |1 uo 3sanb Aq ypd-0Z000-0002 1 £66 |-Z¥S0000/EE8IZE/FBT L/9/6L/4Pd-Bl0IE/ABOj0ISBYISOUE/WOD JIBYDIBA|IS ZESE//:dRY WO} papeojumod



ETOMIDATE AND MYOCARDIAL CONTRACTILITY

1295

of isolated mammalian ventricular myocardium. ] Pharmacol Exp
Ther 257:843-849, 1991

12. Allen DG, Blinks JR: Calcium transients in aequorin-injected
frog cardiac muscle. Nature 273:509-513, 1978

13. Blinks JR, Wier WG, Hess P, Prendergast FG: Measurements
of Ca?** concentrations in living cells. Prog Biophys Mol Biol 40:1—
114, 1982

14. Van Hamme MJ, Ghoneim MM, Ambre JJ: Pharmacokinetics of
ctomidate, a new intravenous anesthetic., ANESTHESIOLOGY 49:274—
277,1978

15. Fabiato A: Calcium-induced release of calcium from the cardiac
sarcoplasmic reticulum. Am J Physiol 245:C1-C14, 1983

16. Lockwood APM: *‘Ringer’’ solutions and some notes on the
physiological basis of their ionic composition. Comp Biochem Physiol
2:241-289, 1961

17. Cook DJ, Housmans PR, Rorie DK: Effect of ketamine HCI on
norepinephrine disposition in isolated ferret ventricular myocardium.
J Pharmacol Exp Ther 261:101-107, 1992

18. Wier WG, Yue DT: Intracellular calcium transients underlying
the short-term force-interval relationship in ferret ventricular myo-
cardium. J Physiol (Lond) 376:507-530, 1986

19. Cooper IC, Fry CH: Mechanical restitution in isolated mam-
malian myocardium: Species differences and underlying mechanisms.
J Mol Cell Cardiol 22:439-452, 1990

20. Jenden DJ, Fairhurst AS: The pharmacology of ryanodine.
Pharmacol Rev 21:1-25, 1969

Anesthesiology, V 79, No 6, Dec 1993

21. SutkoJL, Willerson JT, Templeton GH, Jones LR, Besch HR
Jr: Ryanodine: Its alterations of cat papillary muscle contractile
state and responsiveness to inotropic interventions and a suggested
mechanism of action. J Pharmacol Exp Ther 209:37-47,
1979
22. InuiM, Saito A, Fleischer §: Isolation of the ryanodine receptor
from cardiac sarcoplasmic reticulum and identify with feet structures.
J Biol Chem 262:15637-15642, 1987
23. Inui M, Wang §, Saito A, Fleischer S: Characterization of junc-
tional and longitudinal sarcoplasmic reticulum from heart muscle.
J Biol Chem 263:10843~10850, 1988
24. Feher JJ, Lipford GB: Mechanism of action of ryanodine on
cardiac sarcoplasmic reticulum. Biochim Biophys Acta 813:77-86,
1985
25. Marban E, Wier WG: Ryanodine as a tool to determine the
contributions of calcium entry and calcium release to the calcium
transient and contraction of cardiac Purkinje fibers. Circ Res 56:
133-138, 1985
26. Carton EG, Housmans PR: Role of transsarcolemmal Ca** entry
in the negative inotropic effect of nitrous oxide in isolated ferret
myocardium. Anesth Analg 74:575-579, 1992
27. Bers DM: SR Ca loading in cardiac muscle preparations based
on rapid cooling contractures. Am J Physiol 256:C109-C120, 1989
28. Shatlock MJ, Bers DM: Rat vs. rabbit ventricle: Ca flux and
intracellular Na assessed by ion-selective microelectrodes. Am J
Physiol 256:C813-C822, 1989

20z ludy |1 uo 3sanb Aq ypd-0Z000-0002 1 £66 |-Z¥S0000/EE8IZE/FBT L/9/6L/4Pd-Bl0IE/ABOj0ISBYISOUE/WOD JIBYDIBA|IS ZESE//:dRY WO} papeojumod



