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2 decades,’* allowing experimental studies to provide
an increased understanding of the mechanisms under-
lying the well-appreciated negative inotropic effect of
general anesthetics. In this review, we focus on the di-
rect negative inotropic effect of these agents. We have
excluded from discussion indirect effects on the myo-
cardium, such as those mediated by the nervous system
or those which are secondary to changes in cardiac pre-
load or afterload.* We begin with a review of the pro-
cess of contractile activation.

Electromechanical Coupling in Cardiac Muscle

Electromechanical coupling has been defined as the
series of events which begins with depolarization of the
muscle cell membrane and ends with the production of
force and movement.' Figure 1 illustrates the anatomi-
cal relationship between the cellular organelles which
are involved in this process. A description of the events
which occur in electromechanical coupling will facilitate
further discussion of the sites at which anesthetics may
act to alter the myocardial force of contraction.

CONTRACTILE PROTEINS

The generation of contractile force ultimately de-
pends upon a cyclic interaction between actin and myo-
sin molecules which are organized in a lattice of thick
(myosin) and thin (actin) filaments in the myocardial
cell. This interaction takes place between the myosin
heads or crossbridges and the individual actin molecules
of the myofilaments (fig. 2). The interaction is not well
understood, but it is known to involve the splitting of
MgATP™? by an ATPase located in the head regions of
the thick filaments. Transduction of the free energy
thus derived results in movement and/or force produc-
tion secondary to a sliding of the thick and thin fila-
ments relative to one another.>® It is presently believed
that this sliding motion is produced by a rotation of the
myosin heads as they pivot on attachments they have
made to the actin monomers of the thin filaments. Bind-
ing of ATP to the myosin head is associated with a loose
binding (allowing detachment and re-attachment) of the
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FiG. 1. Ultrastructure of a myocardial contractile cell. Contractile
proteins (thick and thin filaments), sarcolemma and invaginating t-tu-
bules, sarcoplasmic reticulum and mitochondria are depicted. The
thick and thin filaments are arranged in hexagonal arrays in a longitu-
dinal repeating fashion, forming the myofibrils, Z-lines demarcate the
boundaries of each sarcomere (the basic contractile unit), The A-band
is that portion of the sarcomere in which the thick and thin filaments
overlap. The sarcolemma (cell membrane) provides a barrier which
controls ionic Auxes between the inside and outside of the cell, Inward
sarcolemmal invaginations, the t-tubules, extend sarcolemmal func-
tion into the interior regions of the cell. The sarcoplismic reticulum
(SR) is an-internal system of membranes which provides intracellular
Ca?*-uptake and Ca?*-release functions. Portions of this membrane
are in close approximation with cither the t-tubule (terminal cisternae)
or the sarcolemma (sub-sarcolemmal cisterac). Reprinted from Katz
AM: Congestive heart failure: Role of altered myocardial cellular con-
trol. N Eng J Med 293:1184, 1975, with permission of the author and
The New England Journal of Medicine,
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F1G. 2. Schematic diagram of actin and myosin filaments, regulatory
proteins, and the organnelles which control myocardial ion fluxes. Z
= Z line of sarcomere; TN = troponin; TM = tropomyosin; T =
transverse tubule; TC = terminal cisternal portion of sarcoplasmic
reticulum (SR); L = longitudinal portion of SR; SSC = sub-sarcolem-
mal cisternal portion of SR; 1 = sarcolemmal Ca?*-ATPase; 2 = sar-
colemmal Na*/Ca®* exchange mechanism; 3 = sarcolemmal Na*/K*
pump; 4 = SR Ca?*-ATPase; 5 = myosin ATPase; Iy,and I, = inward
sodium and calcium currents.
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crossbridge to actin and the hydrolysis of ATP to ADP
+ inorganic phosphate. Release of the ATP hydrolysis
products results in a strong binding of the crossbridge
to actin which is accompanied by rotation of the myosin
head, i.e.,, the “power stroke.” Binding of another ATP
to myosin initiates the next cycle of myosin crossbridge-
actin interaction and its accompanying power stroke.®
In the relaxed state (in the absence of Ca**, vide infra), a
regulatory protein, tropomyosin, occupies a position on
the thin filament such that it “covers” the binding sites
of the actin monomers and thus prevents the binding of
myosin to actin and the cycle just described from occur-
ring.*7 A second regulatory protein, troponin, is capa-
ble of altering the conformational state of tropomyosin
such that the actin binding sites are exposed.®® Tro-
ponin consists of three subunits, an inhibitory subunit
(TNI), a subunit directly associated with tropomyosin
(TNT), and a Ca?*-binding subunit (TNC).®

ACTIVATION OF THE ACTIN-MYOSIN
INTERACTION BY Ca?*

When the Ca®*-binding site on TNC is occupied,
tropomyosin ceases to interfere with the binding of
myosin to actin, allowing contraction to occur.%” The
degree of activation of contraction depends upon the
concentration of ionized calcium in the myoplasm
([Ca?*];). Below a Ca®* concentration of 1077 M, there
is no activation (diastole), while, at a concentration of
approximately 107* M, activation is maximum.? Over
this Ca%* concentration range, both ATP hydrolysis and
contractile force vary, sigmoidally, from essentially zero
to maximum (fig. 3).'® This sharp (sigmoidal) rise in
force over a narrow range of increased Ca** concentra-
tion suggests that either cooperativity or multiple Ca**
binding sites on troponin is involved.' Of these, cooper-
ativity is most likely, since there is only one regulatory
site (functional Ca®"* receptor) on cardiac troponin.® In
heart muscle, the systolic concentration of myoplasmic
Ca?* is, normally, well below that needed for full acti-
vation.® Variation of the myoplasmic concentration of
this ion is thought to play a very important role in the
control of myocardial contractile force.*"!

MODULATION OF Ca*" ACTIVATION
OF ACTOMYOSIN

While the Ca®* concentration in the myoplasm is of
major importance for the control of myocardial con-
tractility, evidence is accumulating that the contractile
proteins can themselves undergo changes which result
in the modulation of contractile force. These changes
occur by virtue of phosphorylation reactions involving
cyclic AMP (cAMP)-dependent protein kinases, and
have been demonstrated in the laboratory to result in
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the alteration of both maximum force development and
the sensitivity of the contractile proteins to activation by
calcium.'?

Phosphorylation of the inhibitory subunit of troponin
(TNI) has been shown to result-in displacement of the
curve of force versus [Ca®*); to the right, ie., to de-
creased Ca?* sensitivity, without an alteration of maxi-
mum Ca** activated force.'® The decrease in Ca** sensi-
tivity is caused by a faster rate of release of Ca?* by
troponin,' which, in turn, is thought to be partially
responsible for the increased rate of relaxation ob-
served when TNI is phosphorylated.'® Dephosphoryla-
tion of TN1 is thought to be brought about by a cGMP-
dependent reaction which may be controlled by the
cholinergic system.'?

Cyclic-AMP-dependent phosphorylation of an, as yet,
unidentified intracellular protein has been shown to
produce an active subunit which alters myosin such that
an increase in Ca** activated maximum force develop-
ment, and actin-activated ATP-ase activity, results.'®
Several isozymes of myosin are known to exist,!” and
the one named V1 is subject to alteration in this man-
ner.'? There is experimental evidence which suggests
strongly that activation of this V1 isozyme is involved in
the positive inotropic response to drugs which increase
cellular levels of cAMP. 8

CONTROL OF THE MYOPLASMIC
Ca%* CONCENTRATION

It is generally agreed that the calcium ion is the most
important mediator of acute changes in myocardial
contractile activation.! Evidence obtained from
“skinned” cell preparations,®'®!%? and from studies
employing Ca**-sensitive microelectrodes,?' indicates
that the myoplasmic Ca** concentration lies in the mi-
cromolar or submicromolar range. Even at the height
of activation, the myoplasmic Ca®* concentration is sev-
eral orders of magnitude less than the concentration of
Ca?* which exists extracellularly, so that mechanisms
must exist to maintain that gradient while, at the same
time, allowing for cyclic alterations in the myoplasmic
Ca?* concentration which occur between rest and full
activation. These mechanisms mainly involve mem-
brane-bound calcium translocating proteins (pumps).
Of these, the ones residing in the sarcolemma and sar-
coplasmic reticulum (SR) appear to bear the major re-
sponsibility for beat-to-beat control of calcium, while
those located in mitochondria may be important for
long-term adjustments of the intracellular Ca®* milieu
or for cellular protection during periods of Ca®* over-
load.'*? Soluble proteins, such as calmodulin, which are
capable of binding Ca?* in the micromolar concentra-
tion range also serve to buffer changes in intracellular
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FiG. 3. Sigmoidal relationship between myoplasmic calcium ion
concentration (M), and isometric developed tension and actomyosin
ATPase. A. Typical experiment. B. Normalized tension and ATPase
activity for several papillary muscles. Note that major change in both
tension and ATPase activity takes place when myoplasmic Ca?* con-
centration increases from approximately 107% to 107%5, Reprinted
from Solaro R] et al: Calcium requirements for cardiac myofibrillar
activation. Circ Res 34:525-530, 1974, with permission from the au-
thor and The American Heart Association, Inc.

Ca®*, although their major purpose is to modulate
functions which either control, or are controlled by,
Ca**.** Calmodulin’s function in heart muscle has not
been well defined, except for a possible role in the
phosphorylation of the SR (vide infira).

Sarcolemma. The sarcolemma controls both the influx
and the efflux of Ca®* (fig. 2). The transsarcolemmal
influx of Ca®* occurs passively down the Ca** concen-
tration gradient noted above through channels which
open during sarcolemmal depolarization. The trans-
membrane resting potential (fig. 4) is approximately
—90 millivolts in ventricular contractile cells. Depolar-
ization (phase 0 of the action potential) is initially ac-
complished via the influx of Na* through specific “‘fast”
sodium channels. As the membrane potential ap-
proaches —30 millivolts, the Ca®** channels begin to
open and are open maximally at a potential of +30
millivolts.?* The influx of calcium ions, the so-called
slow inward current (I, in fig. 2, classically labeled 1),
contributes to the depolarization of the cell membrane,
ultimately accounting in part for a portion of the pla-
teau (phase 2) of the action potential. Experiments em-
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F1G. 4. Schematic repre-
sentation of the transmem-
brane potential of a non-au-
tomatic ventricular contrac-
tile cell with accompanying
changes in sarcolemmal ion
conductances. Phases of the
action potential are listed (0
through 4). During rest
(phase 4), K* conductance
predominates and K* efflux
Na* is primarily responsible for

the resting potential (RP).
20 When the membrane po-
Ca K* tential is brought to thresh-
old (TP), Na* conductance
rapidly increases and the
resulting influx of Na* pro-
duces the rapid depolariza-
tion phase (phase 0) of the
action potential. Na* influx begins to decline when the transmem-
brane potential becomes more positive than —50 mV, at which point
Ca?* conductance increases and Ca?* influx (the so-called Ca?' slow
inward current) begins to contribute to membrane depolarization.
The plateau (phase 2) of the action potential is determined by a combi-
nation of Ca?* influx, declining Na™* influx, and (anomalous) K* efflux,
K* efflux and declining Ca?' influx is responsible for the rapid final
repolarization phase (phase 3). While K* conductance is depicted as a
single entity, there are, in reality, several K* currents. ‘The initial rapid
repolarization phase (phase 1) is variably present in ventricular cells,
and is due to a combination of several changing ionic conductances.

TRANSMEMBRANE
POTENTIAL (mV)

0 100 200 300 4d0
t (msec)

IONIC CONDUCTANCE
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ploying microclectrodes in which a small portion of sar-
colemma is voltage clamped (patch clamp technique)
have shown that approximately 10® Ca?" ions enter
through each channel during an opening event, and
that the mean open time of a channel is approximately 1
msec.?* Cyclic-:AMP-dependent phosphorylation of
Ca** channel proteins (which can be induced, for exam-
ple, by catecholamines) increases the probability of
channel openings and the number of calcium ions en-
tering the cell during depolarization.?® Controversy
exists**?8 concerning whether the amount of calcium
which enters the cell during depolarization is sufficient
to effect full contractile activation, or whether supple-
mentation from another source, e.g., sarcoplasmic retic-
ulum, is necessary.' "

In the steady state, the amount of Ca** entering the
cell must be matched by the amount extruded if Ca**
overload is to be avoided.?**® Two systems exist in the
sarcolemma for the outward transport of Ca®*. Oneisa
high affinity ATP-ase which can extrude Ca** from the
myoplasm, even when its concentration is very low, as in
diastole.?® The other, a lower affinity Na*/Ca*" ex-
change system,??%93! exchanges three Na* for each
Ca?t, deriving energy for Ca?" efflux from the trans-
membrane gradient for Na*. Na*/Ca®* exchange is
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electrogenic (i.e., three univalent Na* exchanged for a
single divalent Ca?*), so that Ca®" may actually be trans-
ported inwardly at the height of depolarization when
the transmembrane potential is inside positive (fig. 3)
and favors this direction of exchange.3'*? It should,
however, be mentioned that arguments have been ad-
vanced against Na*/Ca®* exchange ever accounting for
inward Ca®* transport.®

Sarcoplasmic Reticulum. The sarcoplasmic reticulum
(SR) is an internal system of tubular membranes con-
sisting of two components, the free (longitudinal) and
the junctional (terminal cisternal) SR.** It functions
both to sequester and to release intracellular Ca?*. Ca®*
uptake (translocation) occurs against a concentration
gradient of approximately 10, and is accomplished by
an active transport system (pump) consisting of a Ca**
specific ATP-ase."? Two Ca** are sequestered for each
molecule of ATP hydrolyzed.* A protein, calseques-
trin, located in the SR lumen, acts to bind translocated
Ca?*, thereby reducing the gradient against which the
pump works.*® Both the rate and capacity of this system
are sufficient to account for beat-to-beat regulation of
contractility.!* Phosphorylation of a third protein,
phospholamban, mediated via cAMP-dependent and
Ca?*-calmodulin-dependent protein kinases, results in
increased activity of the system,?*? In mammalian car-
diac muscle, the junctional SR forms couplings with
both the surface plasmalemma and with inward exten-
sions of the plasmalemma, the transverse tubules (fig.
1). These couplings have been postulated to provide a
means whereby the action potential of the plasmalemma
can induce junctional SR Ca** release. However, much
of the junctional SR is devoid of these couplings,” and
controversy exists as to the exact mechanism responsi-
ble for the triggering of SR Ca®* release. Proposed
mechanisms include the electrical transmission of the
plasmalemmal signal to the SR (presently thought un-
likely®®), and transmission via the calcium ion itself, the
so-called Ca?*-induced release of SR Ca®*.3*** Most re-
cently, transmission by a second messenger, inositol tri-
phosphate (IPy), has been proposed.®®*! It has been
demonstrated that stimulation of various receptors, in-
cluding adrenergic, muscarinic, and histaminic, is asso-
ciated with an increase in membrane phospholipase C
which results in the formation of IPs from phosphati-
dyl-inositol. IPg has been shown to enhance Ca®* release
from the SR of both skeletal and cardiac muscle.*! In
any event, the amount of Ca** released to the myoplasm
by the SR appears to depend on the amount of Ca®*
stored in this organelle, which, in turn, is a function of
factors such as the extracellular Ca®* concentration,*
the frequency and character of stimulation of the cell,*®
the degree of phosphorylation of the SR membrane,***
and the amount of Ca?* lost from sequestration during
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rest.™ The SR is capable of releasing sufficient Ca2* for
full contractile activation.!"

Mitochondria. Mitochondria sequester Ca®* by a low
affinity electrophoretic process which is only weakly ac-
tivated by the sarcoplasmic Ca®* levels normally present
in heart.?* The submicromolar intracellular Ca?* con-
centrations seen in diastole are not dependent on mito-
chondrial uptake.” As mentioned earlier, the mito-
chondria apparently do not participate in beat-to-beat
cytosolic Ca®* regulation under normal circum-
stances,® and only become important in pathologic situ-
ations which feature the intracellular accumulation of
abnormally large amounts of Ca?* 15

Models for Control of Myoplasmic Ca®*. While it is gener-
ally agreed that the Ca** for activation of contraction is
supplied via transsarcolemmal influx and internal SR
release,'! the extent to which each of these Ca2* sources
participates in a given contractile event is still a matter
of controversy. Debate centers around whether the
amount of transsarcolemmaly derived Ca?* is sufficient
for full activation of the myofibrils, whether transsarco-
lemmaly derived Ca®" directly activates actomyosin,?8
whether it must pass through the SR before doing so,®
or whether it acts primarily. to trigger the internal re-
lease of Ca® from the SR.%° Also, it is not known
whether the SR consists of separate compartments for
Ca®" uptake and Ca®* release with transport between
compartments, or whether a single compartment serves
both of these functions.*®*" Furthermore, Bers,?8 Sutko
and Willerson,*® and Fabiato,* among others, have
suggested that the mechanism of contractile activation
varies with the species, the tissue (i.c., atrial or ventricu-
lar), and the type of stimulation. Figure 5 illustrates a
model for electromechanical coupling proposed by
Edman and Johannsson.*® It is shown only as an exam-
ple, and can, with modification, encompass other pro-
posed models. In this model, the SR is composed of
both uptake and release compartments, and it is sug-
gested by Edman and Jéhannsson® and others!! that
these are represented, respectively, by the longitudinal

SR and by the portions of the SR designated as lateral
sacs and subsarcolemmal cisternae. Ca®* which is se-
questered at the SR uptake site is transported within the
SR, in a time-dependent manner, to the release com-
partment from which it can then be released to activate
the myofibrils during a subsequent action potential.
This model is kinetically indistinguishable from one in
which the SR is comprised of a single compartment,
wherein the time required before release can be accom-
plished is determined by a time-dependent process of
recovery of activation of Ca?* release channels,*” rather
than by a time-dependent process of intra-SR transport.
While Edman and Jéhannsson suggest that the Ca2*
which enters the cell during the action potential is, in
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F1G. 5. A model for myo- | | } SARCOLEMMA
cardial Ca®* fluxes. After fc
scheme proposed byEdman R_J
and Johannsson** U = Ca?* a L
uptake site, and R = release
site of the sarcoplasmic re- b
ticulum, based on Edman
and Johannsson's work with
potentiated-state contrac-
tions. Pathways for major
Ca?* fluxes indicated by
bold arrows. Another model, proposed by Bers,?® can be visualized by
assigning, instead, 2, b, and c as the major Ca?* fluxes. Note, also, that

the Ca®* uptake and release sites have been located in a single com-
partment in another proposed model.*?

MYOFIBRILS

large part, sequestered at the SR uptake site with only a
small amount reaching the myofibrils for direct activa-
tion, transsarcolemmaly derived Ca** may, as stated
above, all traverse the SR before reaching the myofi-
brils,** or may, in large part, reach the myofibrils di-
rectly.?%17

Basis for Changes in Myocardial Contractility

Cardiac contractile force is capable of wide variations
in intensity. As indicated above, changes in contractile
force may be brought about by changes in the cytosolic
activator Ca** concentration and/or by changes in the
contractile proteins which alter their responsiveness to
activator Ca®*.

SPECIES AND TISSUE VARIATION

The degree to which externally derived or internally
released Ca** participates in contractile activation
varies greatly with the species and with the tissue (i.c.,
atrium wvs. ventricle). In frog ventricle, contractile acti-
vation depends almost entirely on Ca®*-derived trans-
sarcolemmaly, while, in rat, the important calcium
source is the SR. Rabbit, guinea pig, cat, and dog lie
between these extremes in the order listed.”®-%° Human
ventricle appears to lie between rabbit and cat, at least
in regard to the threshold for Ca**-induced release of
Ca®* from the SR.®' Atrium appears, gencrally, to de-
pend mostly upon internal sources of Ca** for activa-
tion. The efficiency of calcium-induced calcium release
in skinned cardiac muscles varies depending on the spe-
cies, decreasing in the order of rat, dog, cat, and rab-
bit.?! Also, Nayler et al.?® have demonstrated a higher
rale of uptake and release of Ca?* by SR from rat as
compared to guinea pig and rabbit. Such variations may
underlie the functional differences seen between these
species. Extrapolation of observed drug effects from
one species to another must take these differences into
account.
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() FIG. 6. Effect of rate and  the ‘observation that they are strongly inhibited by

pattern of stimulation on
contractile  state.  (a);
Rested-state contraction (R)
is elicited by a stimulus
which follows a long
(10-20-min) rest period.
During the rest, internal
store of SR Ca?* is depleted.
Rested-state contraction is
1.2 sec  activated predominantly by
Ca?* supplied via transsar-
c) PE colemmal influx. (b); Stair-
case (S) is also called positive
l | staircase, Bowditch stair-
I O 1 P case, and Treppe. Force of
t contraction increases to a
new steady-state over several beats following an abrupt transition to a
higher rate of stimulation. Post-rest (PR) potentiated-state contraction
is elicited by a stimulus delivered after 1-2 s of rest following a train of
high frequency stimuli. (c); Postextrasystolic potentiation (PE) is elic-
ited in response to paired-pulse stimulation. The intrapair stimulus
interval is approximately 300 msec. Ca?* released internally from the
SR assimes a major role in the activation of potentiated-state contrac-
tions.
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VARIATION IN THE RATE AND PATTERN
OF STIMULATION

Contractile force is influenced by the rate and pattern
of stimulation, as is the degree to which transsarcolem-
maly derived or internally released Ca** participates in
contractile activation (fig. 6). During prolonged rest of
isolated ventricular muscle from most mammalian spe-
cies, the SR is essentially depleted of its intracellular
store of Ca?*. A subsequent action potential results in a
weak, “rested state” contraction, which is triggered by
direct action of the small portion of transsarcolemmaly
derived Ca®* that enters the cell and is not sequestered
by the SR.*** Note that Reiter et al.*® propose that this
transsarcolemmaly derived Ca®" passes through the SR
before activation occurs. That rested state contractions
are dependent upon the transsarcolemmal influx of
Ca®* for their activation is evidenced by the fact that
they are strongly suppressed by Ni** and by other inhib-
itors of the slow inward Ca®* current.***%% Opposite to
the rested state is the forceful potentiated state contrac-
tion, which can be produced by paired-pulse stimulation
(post-extrasystolic potentiation),*® or by stimulation
after brief rest following high frequency stimulation
(post-rest potentiation).*® The time required for maxi-
mal potentiation to develop apparently depends upon
the time needed for transport of Ca?* within the SR,*
or, alternatively, for the recovery of activation of SR
Ca®* release channels.”” These potentiated state con-
tractions depend mainly upon Ca?* derived internally
from SR release for their activation, as is indicated by

ryanodine,?** a drug which specifically inhibits SR

function.®® Subserved by possibly a still different mech-
anism is the increase in contractile force which accom-
panies an increase in the frequency of beating (the posi-
tive staircase). The Ca®" supporting this rate-related
inotropic event may come from the SR, but the mecha-
nism underlying Ca®* storage and release may be dif-
ferent from that involved in potentiated state, as: 1)
staircase is less sensitive to inhibition by ryanodine than
is potentiated state,* 2) staircase can be produced in
amphibian ventricle which is almost devoid of SR,*? and
8) the Ca%" in superficial sarcolemmal sites increases
when the beat frequency is increased.®® Also of interest
in this regard is the observation that rat ventricle, which
exhibits potentiation, develops decreased force with in-
creased frequency of stimulation, i.e., it manifests a neg-
alive staircase.’® It should be noted that, at this time, the
source of activator Ca®* for staircase is in dispute, and
that there may be a number of contributing sources.
Changes in stimulus frequency or in the pattern of stim-
ulation, e.g., paired-pulse stimulation, do not alter the

sensitivity of the myofilaments to Ca®*5?

CHANGE IN MYOCARDIAL FIBER LENGTH

The increase in developed force which accompanies
an increase in diastolic fiber length, the length-tension
or Frank-Starling relation, is well known. The cellular
basis for this relationship was originally thought to re-
side in an alteration of myofilament overlap, but it is
now believed that this mechanism plays only a smail
role, while length-related changes in activation are of
major importance. These changes in activation include
increases in the amount of internally released Ca** and
in the sensitivity of the myofibrils to Ca** with increas-
ing muscle length. Of these, the change in myofilament
sensitivity is thought to be of greater importance, al-
though accurate quantitation of the individual contri-
bution of each process in the intact cell is not presently
possible.®® The change in myofilament Ca** sensitivity
is apparently not due to TNI dephosphorylation, since
the phenomenon occurs in situations in which the rele-
vant phosphorylation mechanisms have been deacti-
vated.'?

ACIDOSIS

A change in intracellular pH from 7.0 to 6.2 causes a
decrease in the sensitivity of the myofilaments to Ca®".
It also decreases the maximum tension developed at
saturating levels of [Ca®*];. Acidosis decreases the abil-
ity of the SR to sequester and release Ca®*.%
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EXTRACELLULAR Ca®* CONCENTRATION ([Ca?*],)

The importance of extracellular Ca?* for cardiac
function has been appreciated since Sidney Ringer's
time.® Removal of external Ca?* causes cardiac con-
tractile force to decline exponentially with a t, , of ap-
proximately 50 s, while replenishment of Ca®* results in
the return of force with a time course which is three to
five times faster.®' Changing [Ca**], does not alter the
relationship between [Ca®*); and contractile force, i.e.,
this maneuver apparently does not change the sensitiv-
ity of the myofilaments to Ca%*.%’

CATECHOLAMINES

The positive inotropic effect of catecholamines is the
vesult of several subcellular actions, all of which are
mediated via stimulation of the adenylate cyclase system
and subsequent increases in cAMP-dependent protein
kinase activity.®® This activity causes phosphorylation of
a variety of proteins, including those in sarcolemma,
SR, and the myofibrils. At the sarcolemma, catechol-
amines increase the influx of Ca?*, as demonstrated by
increase of the slow inward Ca®** current in voltage
clamp studies of multicellular and patch-clamped prepa-
rations.??52963 | jkewise, these agents also increase the
plateau phase of the action potential **¢* and the force
of the slowly rising rested state contraction, providing
further evidence that they increase Ca?* influx. It has
been postulated that these effects occur secondarily to
phosphorylation of Ca** channel membrane pro-
teins.*%” Catecholamine-induced phosphorylation of
the SR results in increased rate and capacity of seques-
tration of Ca®* by this organelle.*”%® Asa consequence,
more Ca®* is available for internal release providing
increased force of contraction, while, at the same time,
relaxation is hastened.’®*? As mentioned earlier, phos-
phorylation of TNI mediated by cAMP-dependent pro-
tein kinase results in decreased Ca®* sensitivity of the
myofibrils. This has been demonstrated in the intact cell
using aequorin to monitor changes in [Ca®'];.5% The
catecholamine-induced decrease in Ca?* sensitivity is,
however, more than compensated for by the concomi-
tant increase in myoplastic [Ca2*].!?

METHYLXANTHINES

Caffeine and theophylline exert numerous actions in
the myocardial cell, some of which enhance, and some
which depress, contractility.” Ca** influx during the
plateau of the action potential is increased,?® most likely
via a cAMP-mediated action which occurs secondary to
the inhibition of phosphodiesterase.5® The sensitivity of
the myofilaments to Ca** is slightly enhanced,”"" caus-
ing the [Ca*']i-tension curve to be shifted to the left.>’
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Another major action of these drugs is the inhibition of
Ca®* sequestration by the SR which can result in a re-
tardation of relaxation. This action is, more than likely,
not mediated via cAMP.%® Contractility may be en-
hanced®® or depressed™ by the methylxanthines.

BIPYRIDINES

The bipyridine, amrinone, has recently been intro-
duced for the treatment of heart failure. It apparently
acts through phosphodiesterase inhibition to cause in-
crease in cellular cAMP with subsequent increase in
contractility.”>?3

DIGITALIS

The cardiac glycosides act exclusively by increasing
[Ca®*],. They apparently do not alter the Ca®* kinetics
of the SR or the Ca** sensitivity of the myofilaments.”
Inhibition of the Na/K-pump”® has been suggested as a
mechanism responsible for the increase in [Ca?*);. This
inhibition causes a net gain of Na* and, secondarily, an
increase in [Ca®*]; via Na*/Ca®* exchange.?® While this
mechanism may be operative at high (>1078 M) con-
centrations of cardiac glycosides, lower, therapeutic con-
centrations of cardiac glycosides show positive inotropic
effects without inhibition of Na/K-ATPase, suggesting
that another mechanism, such as the alteration of sar-
colemmal membrane structure to increase the amount
of bound Ca**, may be important.” Digitalis does not
alter the [Ca®*];-tension relationship.”?

Anesthetic Depression of Cardiac Contractility

From the foregoing discussion, it is clear that there
are a number of subcellular sites at which anesthetics
might act to suppress the heart's ability to contract.
These include the contractile proteins, the mitochon-
dria, the sarcoplasmic reticulum, and the sarcolemma.
All of these have been examined, albeit to varying ex-
tent, for their possible role in the phenomenon of anes-
thetic negative inotropism.

MITOCHONDRIA

Berman ef al.”® suggested that a decrease in the syn-

thesis of ATP consequent to halothane’s inhibitory ef-
fect on the mitochondrial oxidation of NADH-linked
substrates could explain the anesthetic’s depressant ef-
fect on myocardial contractility. Although halo-
thane,””""9 enflurane, methoxyflurane, diethyl ether,8
isoflurane, and fluroxene®' do, in isolated mitochon-
dria, cause a dose-related depression of state 3 (ADP-
dependent) NADH-linked glutamate oxidation, which
is reversible for clinically employed doses of these anes-
thetics, the oxidation of succinate (a substrate which
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bypasses the NAD/NADH step in the mitochondrial
clectron transport chain) is little affected. Based on
these observations, Merin® suggests that it is unlikely
that decreased ATP synthesis is responsible for depres-
sion of contractile function. This is further supported
by his observation that myocardial tissue levels of ATP,
as well as creatine phosphate and glycogen, are main-
tained normal during halothane anesthesia in the pig.
In the isolated intact heart, anesthetic depression of
glutamate oxidation measured by means of NADH flu-
orometry is minimal.¥ NADH fluorometry, a tech-
nique devised by Chance et al.% to assess the oxidation-
reduction state of intact tissues, is based on the fluores-
cence of NADH at 465 nm, which is absent in the
oxidized (NAD) state. Such fluorescence is maximal
under the condition of tissue anoxia. Kissin et al.5®
found that the anesthetic concentrations needed to
cause 10% of the increase in NADH fluorescence
caused by anoxia were 1.1% halothane, 1.6% isoflu-
rane, 2.6% enflurane, and 6.8% ether. These authors
also observed that, for the anesthetics tested, the in-
crease in NADH fluorescence did not correlate well
with depression of contractile function. This, they felt,
supported the idea that depression of myocardial con-
tractility by volatile anesthetics is not caused by inhibi-
tion of energy production. Although, at this time, it is
not possible to state definitely that depression of energy
production by anesthetics does not contribute to their
observed negative inotropic effect, such a relationship
must be considered highly unlikely. The fact that both
halothane® and enflurane®® markedly inhibit contrac-
tile force in functionally skinned myocardial fibers
where ATP levels are experimentally maintained sug-
gests that decreased ATP synthesis is at least not a neces-
sary condition for anesthetic negative inotropism.
Anesthetic actions in mitochondria which alter their
Ca** homeostasis could, conceivably, also affect myo-
cardial contractile function. Miller and Hunter? have
shown that halothane slows the rate of mitochondrial
Ca®" accumulation, but not the final amount accumu-
lated. If the myoplasmic [Ca**] was increased due to
inability of the mitochondria, in the presence of anes-
thetics, to sequester Ca?*, contractile force and/or rest-
ing (diastolic) tension might be expected to increase. As
is well known, myocardial developed force is generally
decreased by anesthetics. While there is controversy re-
garding a direct effect of anesthetics on resting ten-
sion,¥788 i is possible that anesthetic-induced changes in
diastolic compliance which occur in the intact ventricle
may simply be secondary to changes in ventricular
loading,? i.e., to shifts of position on the non-linear
diastolic length-tension curve. The submicromolar in-
tracellular Ca®* concentrations seen during diastole
(Ca®* levels affording relaxation) are not increased,
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even if the Ca** uptake function of mitochondria is
markedly impaired by the uncoupler FCCP.*? It is not
likely that anesthetic effects on mitochondrial Ca?* ac-
cumulation are a cause of negative inotropy.

CONTRACTILE PROTEINS

A number of investigators have examined myocardial
actomyosin ATPase for its possible role in the phenom-
enon of anesthetic-induced negative inotropism. In an
early study of this type, Brodkin et al.* did demonstrate
depression of ATPase activity by halothane in suspen-
sions of rat cardiac myofibrils, but only at very high
(20-100 mM) anesthetic concentrations. They ob-
served a 45% decline in enzyme activity at a halothane
concentration of 40 mM. It should be noted that a rele-
vant gas phase clinical concentration of halothane, such
as 1%, would, at equilibrium, produce a liquid phase
concentration of approximately only 0.4 mM. Thus, a
concentration of 40 mM is roughly two orders of mag-
nitude higher than is clinically relevant. Another criti-
cism of this work, pointed out by Merin,®! is that the
Ca®* concentration was not controlled (or known).
Since Merin's subsequent work®’® has shown that anes-
thetic effects on ATPase activity are Ca?* dependent,
the relevance of Brodkin’s study is difficult to assess.
Shortly to follow was the study of Leuwenkroon-Stros-
berg et al.? of the effect of chloroform, dicthyl cther,
and halothane on myosin conformation and enzymatic
activity. Halothane and chloroform (3 and 10%) and
ether (10 and 30%) caused conformational changes in
myosin, as indicated by changes in optical rotatory dis-
persion. The enzymatic changes observed were for Ca®*
activated myosin ATPase. Since the physiologically rel-
evant reaction is the hydrolysis of MgATP~2 by actomyo-
sin ATPase (actin-activated myosin ATPase), the enzy-
matic activity monitored by these workers probably has
no physiological bearing. Indeed, they showed Ca** ac-
tivated myosin ATPase to be stimulated by halothane
and ether rather than depressed. Next to appear were
the studies of Merin ¢f al.°? and Ohnishi et al.** Merin’s
group observed a 36% depression of actomyosin ATP-
ase activity in dog heart myofibrils by 4.4 mM halo-
thane at a pCa%* (—log;o[Ca**]) of 6.5. The reader is
again reminded that this concentration of halothane is
approximately one order of magnitude higher than is
clinically relevant. The halothane depression was com-
pletely reversed by Ca** concentrations of 1073 to 1072
M, and was abolished by rendering the actomyosin in-
sensitive to Ca®* (done by washing, heating, or aging
the preparation, all of which removed or inactivated the
troponin-tropomyosin regulator complex). Merin pos-
tulated that the reason that such high halothane con-
centrations were needed to show an effect was the fact
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that the isolation process rendered his preparation rela-
tively insensitive to Ca** and drugs. A similar insensitiv-
ity of this preparation has been noted for catecholamine
analogs.”® Ohnishi et al.** worked with cat heart myofi-
brils. They used sodium azide (as.did Merin) to inhibit
any contaminating mitochondrial ATPase. At a pCa2*
of 6.0, 1% halothane (gas phase) caused about a 20%
inhibition of ATPase activity. Again, Ohnishi and Price
found that removal of troponin-tropomyosin, by wash-
ing with NaHCOs, caused a loss of sensitivity to both
Ca®* and halothane. Reintroducing troponin-tropomy-
osin restored sensitivity., These authors postulated the
site of the inhibitory action of halothane to be the tro-
ponin-tropomyosin complex, although Merin®' urged
caution in naming a specific site, stating that studies of
halothane’s effect of troponin-tropomyosin Ca?* bind-
ing would be necessary before this site of action for the
anesthetic could be confirmed. A definitive study of the
effect of anesthetics of TNC Ca** binding has yet to
appear. The most recent report of the action of volatile
anesthetics on myofibrillar ATPase is that of Pask et
al®® Effects, at 5° C, of final concentrations of halo-
thane (1.0 and 5.0 mM), isoflurane (0.8 and 4.1 mM),
and enflurane (0.9 and 4.4 mM) were studied in a bo-
vine preparation in which azide was present to inhibit
contaminating mitochondrial ATPase activity. Anes-
thetics were added to the reaction mixture in liquid
form, and the activating Ca®* concentration was varied
between 107'% and 1.6 X 1075 M. No depression of
ATPase activity was observed with enflurane, while 5.0
mM halothane caused a 42% decrease in activity at a
pCa®* of 6.5. This result for halothane is in close agree-
ment with Merin’s®? observation. Again, it should be
noted that, at 5° G, a 5-mM liquid phase concentration
of halothane would equilibrate, roughly, to 5.5% in the
gas phase. Depression by isoflurane was approximately
one-half that observed with halothane.

The significance of the results of these investigations
is difficult to determine. Certainly, the anesthetic con-
centrations which produced effects in these studies are
high. In some instances, as already mentioned, the im-
portance of the observations is diminished by absence of
control of Ca®* concentration, or work with a non-phys-
iologically activated ATPase. In other instances, no ex-
perimental fault is obvious. In these cases, one is left
with Merin’s?® speculation that the anesthetic concen-
trations, though high, may be what actually exist in the
microenvironment of the myofibrillar proteins (anes-
thetic partition coefficient unknown) of hearts perfused
by media containing normal, clinically relevant concen-
trations of anesthetics. A caveat which may pertain
here, however, is the fact that the specified concentra-
tions of anesthetics are what were measured in the ex-
perimental media used. Since, for the most part, the
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myofibril concentration in these media was in the range
of 0.5-1.0 mg/ml, the anesthetic concentrations which
existed in the myofibrillar proteins may have been even
higher than those measured in the predominantly
aqueous media. It should be stated here that it is the
vapor pressure of a volatile anesthetic (given by its gas-
phase concentration) which is the sole determinant of
the anesthetic’s thermodynamic activity in any phase of
the experimental system. That is, if the vapor pressure
is held constant, and if equilibrium with other phases is
attained, then the anesthetic concentration in any given
phase, e.g., protein, is irrelevant.’” Simply stated, it is of
prime importance to know the gas phase concentration
with which a system is in equilibrium. As mentioned
above, Merin®* also suggests that the experimental ex-
traction procedures employed render myofibrillar
ATPase less sensitive to anesthetic depression. Support
for this latter speculation comes from recent work of
Winegrad et al.,'® who have shown that maximum
actin-activated myosin ATPase activity can be enhanced
several fold when the V1 isozyme of myosin predomi-
nates and is activated by a phosphorylated intracellular
subunit. This form of regulation fails to survive isola-
tion of actin and myosin from the cell. It is possible that
such regulated actomyosin, present in the intact cell, is
more susceptible to anesthetic inhibition than is isolated
actomyosin. The recent work of Shibata et al.,?8 who
have shown that halothane, enflurane, and isofluranc
decrease barium ion-induced contracture force and the
dynamic stiffness of intact rabbit papillary muscles, may
provide support for such a notion.

The possibility also exists that myofibrils are not par-
ticularly sensitive to depression by anesthetics, and that
the major site(s) for such depression lic elsewhere.
Rusy® drew this conclusion from a study of isolated
rabbit hearts perfused with a caffeine-containing me-
dium which retarded Ca®* sequestration by the SR.%
Three-per-second electrical stimulation caused sus-
tained, tetany-like contractions, due presumably to sus-
tained high sarcoplasmic Ca®* levels, which were not
affected by 1.5% (gas phase) halothane. This concen-
tration of halothane depressed contractile force to ap-
proximately 20% of control in the same hearts perfused
with a2 medium which did not contain cafleine. Rusy’s
data however, may not preclude a myofibrillar effect of
halothane, as Merin has shown that high Ca** concen-
trations are capable of reversing anesthetic depression
of actomyosin ATPase.??!% Iwatsuki ef al.'®" observed
that thiamylal concentrations as high as 67 mg/I1, a con-
centration which might exist clinically following bolus
intravenous injection of the drug, had no effect on
force development in glycerinated canine cardiac fibers
which were exposed to Ca®* concentrations over the
range of 3.0 X 1077 to 107 M. Again, while the absence
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of any drug effect was striking, Iwatsuki’s experiments
do not prove conclusively that an effect at the myofi-
brillar level would not have occurred in a more intact
preparation in which phosphorylation was preserved.
Additional evidence supporting major extra-myofibril-
lar sites of anesthetic myocardial depression comes from
the work of Su and Kerrick.'% These investigators used
mechanically disrupted rabbit myocardial fibers which
they described as functionally skinned, i.e., without
functional sarcolemma. Their preparations showed a
dose-related increase in tension over the pCa®* range of
>9.0 to 3.8. Exposure to 1% halothane resulted in only
a 5% decrease in maximal, Ca®* activated tension. De-
pression of tension at submaximal Ca** concentrations
was not significant until the halothane concentration
was greater than 2%. Su and Kerrick compared their
observations with those of Brown and Crout,'®® who
showed a 40% depression of intact papillary muscle per-
formance by 1% halothane. They felt that this indicated
that the effects of halothane on the contractile proteins
could account for only a small percentage of the de-
pression encountered in the intact preparation. In more
recent work, Su el al. have observed similar (small) ef-
fects of pharmacologic doses of enflurane®® and isoflu-
rane'® on maximal Ca**-induced tension and no signif-
icant effect of these anesthetics on submaximal Ca?*-in-
duced tension. Su and Kerrick’s experimental
preparation is, however, also subject to the problem
cited above regarding the phosphorylation state of the
contractile proteins. Although this may have been a
factor in their not being able to demonstrate much di-
rect myofibrillar depression by halothane, enflurane,
and isoflurane, they were, in later experiments,8%86:104
able to show moderate to marked depression, by these
anesthetics, of the sequestration of Ca®* by the SR, and,
secondarily, a depression of contractile force compara-
ble to that seen in the intact myocardium. These later
experiments will be discussed in greater detail below. In
order to place direct myofibrillar anesthetic depression
into proper perspective with other possible sites of anes-
thetic action, additional work is necessary. Experiments
should be carried out in each of several species using
intact cell and isolated myofibrillar preparations,
wherein both are brought into equilibrium with the
same gas phase anesthetic concentrations (several clini-
cally relevant concentrations should be employed), and
where the degree of depression of mechanical activity in
the intact cell preparations is compared with the de-
pression of ‘mechanical activity or actomyosin ATPase
activity in the isolated myofibrillar preparations. Activ-
ity at two temperatures, e.g., 25° Cand 37° C, should be
examined, since temperature affects both anesthetic sol-
ubility!®® and myofilament sensitivity to calcium.!® In
performing the isolated myofibrillar experiments, ion-
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ized calcium concentrations should be controlled overa
range expected to exist intracellularly. Very impor-
tantly, careful attention should be paid to the state of
phosphorylation of the isolated myofibrillar prepara-
tions and the relative amounts of myosin isozymes
should be determined.'?

SARCOLEMMA: ELECTRICAL ACTIVITY

The function of the sarcolemma to determine the
resting and action potentials and the intracellular ionic
environment of the myocardial contractile cell has al-
ready been discussed. In 1962, Daniel ¢t al.'®" reported
that pentobarbital decreased the plateau of the action
potential in isolated cardiac muscle. One year later,
Levy et al.'® published their study of the effect of cy-
clopropane on myocardial contractile performance and
sarcolemmal electrical activity. They reported marked
decreases of contractile tension in rabbit atrial tissue
accompanied by only minor changes, in the direction of
increased rate of repolarization, of phases I and 2 of the
action potential. Similar effects on electrical activity in
atrial, ventricular, and Purkinje tissue were reported
for this agent by Davis et al.'® Summarizing the work of
his laboratory on halothane, thiopental, and methoxy-
flurane, Frederickson'!® characterized all of these
agents as “‘uncouplers of excitation-contraction,” not-
ing that all were capable of causing marked depression
of mechanical activity which was accompanied by only
minor changes in action potential configuration, as de-
scribed above. He noted that increasing [Ca®*], re-
versed contractile depression, but further increased the
rate of membrane repolarization. In agreement with
Frederickson, Hausworth!'! reported that halothane
caused little alteration of the action potential in rabbit
atrial fibers. However, he observed that the action po-
tential duration of sheep Purkinje fibers was apprecia-
bly shortened by this agent. An effect of anesthetics on
phase 2 (the plateau phase) of the action potential would
suggest that it was caused by an alteration of the slow
inward Ca®* current, although alteration of an outward
K* flux could also be involved.''?

Additional evidence pointing to a major effect of ha-
logenated anesthetics on Ca®* influx has been provided
by Lynch et al. These workers reported . that halo-
thane''® had very little effect on the maximum rate of
rise (+V,,mx of phase 0) of the normal action potential in
guinea pig papillary muscle, but that, in concentrations
of 1% or greater, it caused significant depression of this
variable when slow action potentials were elicited in this
tissue. In addition, they reported that concentrations of
this anesthetic greater than 2% caused a significant ab-
breviation of the plateau of both the normal and the
slow action potential.
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A myocardial contractile cell which has a normal
resting potential of —80 to —90 millivolts is character-
ized, as noted previously, by an action potential with a
fast upstroke, caused by an inward flux of Na* and by a
plateau phase caused partially by an influx of Ca?*. The
inward Na* current can be abolished by a long-hsting
offset ‘of the resting membrane potential to approxi-
mately —50 mv.'"* When this is done, for example, by
exposing these cells to elevated external K*, excitability
can be restored by catecholamines® and action poten-
tials with slow upstrokes (now supported by the slow
inward Ca?" current,'!® ie., slow action potentials) can
be elicited.!" It is the upstroke (V,.y) of these slow
action potentials that Lynch ef «l. found to be sensitive
to halothane. With their additional observation of a de-
pressant effect of higher halothane concentrations on
the plateau phase of the action potential, these authors
postulated that the negative inotropic effect of halo-
thane could be due, “in part, to decreased Ca%* influx
through the slow channel.” Since they observed that
0.5% halothane had significant negative inotropic effect
without, at the same time, a discernible effect on the
slow action potential, they postulated, further, that
“‘additional mechanisms, not involving the slow chan-
nel, also particip’xted in the negative inotropic action of
halothane.” Using similar techniques, Lynch et al. re-
ported that enflurane'!’? did not affect V,,,, of the nor-
mal action potential, although the normal action poten-
tial duration was decreased by concentrations of 3% or
greater of this anesthetic. In contrast, V,,,, of the slow
action potential was significantly depressed. As with
halothane, contractile force was observed to be even
more sensitive to depression than \./,,,ﬂx of the slow ac-
tion potential, suggesting to these authors that sites of
action in addition to the sarcolemmal slow channel
might also underlie enflurane’s negative inotropic ef-
fect. In later work, Lynch''® found that isoflurane de-
pressed the slow action potential V,,mx to-a significant,
albeit small, degree, with contractile force being af-
fected to a much greater extent.

Ikemoto'!? examined the effect of thiopental on
twitch tension and the slow action potential in canine
papillary muscles. In his experiments, slow action po-
tentials were induced by caffeine (similar to those in-
duced by catecholamines) following depolarization by
high [K*],. Thiopental, 107" M (26.4 mg/1), depressed
both twitch tension and V. of the slow action poten-
tial, while the resting membrane potential and resting
tension were not affected. Thiopental, 107 M, nearly
abolished both twitch tension and V,,m All effects were
reversible. Ikemoto e/ al.'*® made direct measurements
of the effect of thiamylal and halothane on the slow
inward Ca®* current in isolated rat ventricular myo-
cytes. Both 107" M thiamylal and 1% halothane caused
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the slow action potential duration (measured at 50%
repolarization) to decrease to 65% of control. Neither
agent altered the resting membrane potential. Using a
single electrode voltage clamp technique described by
Brennecke and Lindemann,'?! lkemoto et al.'?° found
theslow inward Ca?* current to be depressed to approx-
imately 60% of control by the above indicated doses of
both anesthetics. Slow action potentials are also exhib-
ited in SA nodal tissue.'*? Bosnjak and Kampine'?
found that 1 and 2 MAC equivalent halothane, enflu-
rane, and isoflurane significantly depressed the slopes
of phases 4 and 0, and decreased the duration of action
potentials recorded from single sinoatrial node cells in
the isolated, spontaneously beating guinea pig SA node.
These effects were partially offset by increasing [Ca®*),.

SARCOLEMMA: 1ON EXCHANGE

Several investigators have examined the effect of an-
esthetics on directly measured movements of Ca®* in
heart muscle. Porsius and van Zwieten'?! observed that
halothane, in a concentration which decreased the am-
plitude of contraction of spontaneously beating guinea
pig atria by 53%, caused an increase in the rate of **Ca
uptake and in the Ca?* binding capacity of isolated
myocardial plasma membranes from this tissue. They
interpreted this to mean that a reduced amount of Ca®*
was available for excitation-contraction coupling due to
halothane’s action to accelerate the binding of Ca** by
the plasma membrane. Ohnishi et al.'?® purified a cal-
cium-binding lipoprotein fraction from a canine cardiac
plasma membrane preparation previously deter-
mined'* to be relatively free of SR and mitochondrial
membranes, and found that clinically relevant concen-
trations of halothane, enflurane, and diethyl ether
caused increased Ca** binding by this preparation.
They suggested that part of the negative inotropic ef-
fect of these anesthetics might be due to a “‘depression
of gated Ca®* transport by increased Ca binding.” Ad-
ditional studies by Ohnishi et al. with halothane'* dem-
onstrated a linear relationship between decreased con-
tractility and reduction in La®*-displaceable Ca?* in ca-
nine trabecular muscle. Using similar methods, Nayler
and Szeto'®® demonstrated that anesthetic doses of pen-
tobarbital also decreased the amount of Ca** released
by La** from intact cells of canine trabecular muscle.
Holding to the assumption that La**-displaceable Ca®*
represents the Ca®?* stored superficially by the sarco-
lemma to be made available for activating contraction
during sarcolemmal depolarization,'? both Ohnishi e
al. and Nayler and Szeto postulated that halothane and
pentobarbital, by facilitating the binding of Ca** to
membrane phospholipid, made this ion less available for
activation of contraction or for release by La**. Thio-
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pental’s effect upon developed tension, action potential,
and K* and Ca** exchange in rabbit myocardium was
studied by Frankl and Poole-Wilson.'*® Thiopental at
28 and 227 uM/1(7.4 and 60 mg/1) reduced developed
tension by 50 and 80%, respectively, regardless of
whether the drug was introduced during activity or
rest. "?K* exchange was inhibited, an effect thought to
be consistent with the observed increase in action po-
tential duration. Both the influx and efflux of Ca**
(**Ca®*) were reduced by thiopental. The effect on ef-
flux was immediate and reversible, while the effect on
uptake was delayed and not reversible, These workers
felt that the observed late decrease in Ca** uptake was
probably not related to thiopental’s negative inotropic
effect. Klaus and Liillmann'®' also observed that barbi-
turates and thiobarbiturates inhibited myocardial **K*
exchange. Inhibition was dose-dependent, and oc-
curred only during depolarization. Exchange was inhib-
ited to the same degree in both directions so that no net
K* shift occurred. Resting K* exchange was not af-
fected.

In a study of halothane’s action in beating rat heart
cells in culture, Malinconico et al.'* found that this an-
esthetic caused a dose-related depression of intensity
and rate of beating. In the absence of halothane, de-
crease in [Ca**], below 2.0 mM resulted in a decrease of
both rate and intensity. Increasing [Ca**], above 2.0
mM had no effect. In the presence of 1.5% (gas phase)
halothane, beating intensity was restored 50% by in-
creasing [Ca®*], from 2.0 to 2.5 mM, and was fully re-
stored by 3.0 mM Ca®*. Increasing [Ca?*], was without
effect on halothane-depressed rate of beating. Release
of Ca®* (*5Ca) by these cells was not affected by halo-
thane, while uptake was affected in a dose-dependent
manner. The effects of halothane to depress Ca** up-
take and beating intensity were closely correlated, and
were suggested by Malinconico ef al. to be causally re-
lated.

Taken altogether, these studies demonstrate that an-
esthetics do alter Ca?* exchange at the level of the sar-
colemma. They may also affect sarcolemmal K* perme-
ability. An effect on K* exchange could well be second-
ary to a change in [Ca*"];.''#!% The mechanism(s)
subserving these alterations of sarcolemmal Ca®" ex-
change are not well understood. The work of Lynch e
al. "2 18 and Tkemoto et al. ' indicates, strongly, an
involvement of the slow channel. Preliminary work by
Adams and Pruett'® suggests that an effect of anes-
thetics on Na*/Ca?* exchange may be involved. If such
an effect does occur, it could be secondary to an anes-
thetic-induced alteration of [Na™);. The work of Pratila
el al.13® showing an effect of enflurane and methoxy-
flurane to reduce post-drive hyperpolarization, suggests
that anesthetics may inhibit the activity of the electro-
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genic Na/K pump and thereby alter intracellular Na*
activity. A preliminary study, reported in 1983 by De-
drick and Allen,'?® described an increase in [Na*}; as
measured by nuclear magnetic resonance, following
halothane administration. A full paper describing this
work has not appeared. It should be noted that an in-
crease in [Na*]; has been associated with an increase in
contractility in studies involving digitalis.”® Additional
studies of the effects of anesthetics on [Na*]; and on
Na*/Ca®* exchange are needed. No studies have been
performed to determine whether anesthetics affect the
sarcolemmal ATP-dependent Ca®*-pumping system.*
Finally, while anesthetics do inhibit sarcolemmal Ca**
exchange, the contribution of this effect to the produc-
tion of negative inotropy, ie., its relative importance
amongst other actions of anesthetics, e.g.,, on SR and on
myofibrils, to cause depression of myocardial contractil-
ity, is not precisely known. Lynch’s cited studies (vide
supra) and other work, to be discussed, suggest that the
relative importance of this effect may vary amongst an-
esthetics.

SARCOPLASMIC RETICULUM

Anesthetics have been shown to inhibit the uptake of
Ca?* by isolated sarcoplasmic reticulum. The early
work of Lain et al.'* suggested that there was little or
no correlation between this property of anesthetics and
their negative inotropic potencies. For example, these
workers found that the concentration of halothane
which inhibited Ca?" uptake in isolated canine SR was
approximately 10 times higher than that required to
inhibit contractility in isolated papillary muscle. Ether,
which clearly exhibited negative inotropism, was with-
out effect on SR Ca?* uptake. In contrast to this, chloro-
form was found to be equipotent as regards depression
of these variables. Lain ef al. found that Ca®* uptake and
Ca®*-dependent ATPase activity were affected equally
by chloroform and halothane, and interpreted this to
mean that these agents did not uncouple Ca®* transport
from ATP hydrolysis. Pentobarbital, on the other hand,
did exhibit uncoupling. In a more recent publication,
Malinconico and McCarl'®® pointed out that the experi-
ments of Lain e al. were performed at a non-physiologi-
cal concentration of Ca**, i, [Ca®**] > 0.1 mM. Using
more physiological Ca®*" concentrations of 0.4 to 20
M, Malinconico and McCarl demonstrated that clini-
cally relevant halothane levels depressed Ca**-activated
ATPase activity in isolated bovine SR at a pH of 7.0.
They found that increasing the Ca®** concentration of
the external medium antagonized this depression, and
stated that halothane inhibition of Ca**-ATPase ap-
peared to be competitive in nature (although possibly
not pharmacologically competitive, since they could
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provide no evidence that halothane and Ca?* acted at
the same receptor). Their work led them to state that
“halothane depression of SR function may in part ex-
plain the ability of halothane to depress myocardial
function.” Blanck and Thompson'® found that the ef-
fect of halothane on the in vitro uptake of Ca®* by iso-
lated canine myocardial SR was dependent on both the
H* and ATP concentration. At a normal ATP concen-
tration (5 mM) and a pH of 7.3, 1.756% halothane was
found not to affect the steady-state level of Ca®* in the
SR. At a pH of 6.9, depression of Ca** uptake was ob-
served. At a low (0.5 mM) ATP concentration, Ca®*
uptake was increased 800% by the anesthetic. Similar
effects were observed for enflurane and isoflurane.'?
Blanck and Thompson concluded that the in vitro de-
pressant effect of these anesthetics on the SR, which
they observed at a pH of 6.9, was unlikely to be of
importance as a mechanism underlying a negative ino-
tropic effect in the normal heart “in which the ATP
concentration is approximately 5 mM and the pH is
approximately 7.4.”'* The disparity between the con-
clusions of Blanck and Thompson and Malinconico and
McCarl depends primarily on the true intracellular pH
in normal heart. Current in vivo measurements of car-
diac intracellular pH indicate that it is in the range of
7.0-7.2."*! In more recent work, Casella et al.'*? have
found that, while halothane, enflurane, and isoflurane
reverse the depressant effect of alkaline pH on the rate
of Ca** uptake by isolated SR (thus increasing the rate
of Ca®* uptake), the total capacity of the SR for Ca** is
decreased by these anesthetics at all pHs over the range
6.6-7.6. It appears, then, that the preponderance of
evidence obtained from in vitro studies of the effect of
anesthetics on isolated SR suggests that inhibition of
Ca®" sequestration (and, secondarily, a decrease in the
amount of Ca?* available for internal release by SR)
could be responsible, in part, for the negative inotropic
action of these agents.

Additional studies of the alteration of SR function by
anesthetics have been performed by Su et al., who exam-
ined the effect of halothane,? enflurane,®® and isoflu-
rane'® on SR Ca®" uptake capacity and SR Ca** release
using an experimental preparation in which this organ-
elle remained in sitt. Maximal Ca®* release from Ca%*
loaded SR in functionally skinned rabbit myocardial
fibers was elicited by addition of caffeine (25 mM) to the
bathing medium.**! The amount of Ca®* released was
evaluated by measuring the elicited tension transient.
Anesthetic elfects on release were determined by ex-
posing the preparation to the anesthetic only during the
release phase, while effects on SR Ca** uptake were
evaluated by restricting anesthetic exposure to the Ca**
loading phase. Note that Su et al. studied SR Ca®" up-
take capacity, not the kinetics of Ca®* uptake. In these
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studies, a pH of 7.0 and a temperature of 20° C was
maintained in all media. Azide was used in some studies
to prevent Ca*" uptake by mitochondria in order to
demonstrate that mitochondrial Ca** release did not
play a role in causing the tension transients. For
0.5-3.0% halothane, depression of SR Ca** uptake var-
ied, dose-dependently, from approximately 20-90%.
For enflurane (2.5-7.5%), depression ranged from
30-85%, while, for isoflurane (3-4%), depression,
though significant, was not as marked, amounting to
15-25%. No statistically significant effect on maximal
Ca?" release was observed for halothane, enflurane, or
isoflurane. Overall anesthetic effect on uptake and re-
lease (anesthetic present during both phases) followed a
pattern indistinguishable from the effect on Ca®* up-
take alone. Su ¢t al. speculated that anesthetic-induced
myocardial depression could be caused by a direct effect
of anesthetics to inhibit SR Ca** uptake. Interestingly,
Su and Kerrick® saw a suggestion (although not statis-
tically significant) of enhancement of maximal Ca** re-
lease when exposure to halothane was restricted to the
release phase. Since they reasoned that maximal (essen-
tially total) Ca®* release by 25 mM caffeine would leave
little room for enhancement by the anesthetic, they
studied submaximal release using 2 mM caffeine. Halo-
thane markedly and significantly enhanced caffeine-in-
duced submaximal Ca*" release. At a concentration of
1%, it caused a 70% increase in the observed tension
transient. Citing Endo’s'*® speculation that Ca?*-in-
duced release of Ca®* and caffeine-induced Ca®* release
were basically related, Su and Kerrick® postulated that,
since halothane enhanced caffeine-induced release, it
might also enhance Ca**-induced release of Ca®*. They
postulated, further, that, if this were the case, the ob-
served “‘decreased ability of the internal store (SR) to
sequester Ca®* in the presence of halothane (could), in
part, be explained by a decrease in the equilibrium ratio
between the rate of Ca*" uptake and release.” It should
be noted that, under the condition of their experiment,
these authors were not able to determine whether halo-
thane alone caused Ca®' release from the SR, nor did
they study Ca**-induced Ca?* release. Enhancement of
caffeine-induced submaximal Ca** release was also
demonstrated for enflurane®® and isoflurane.'®!

Su et al. concluded, from these studies, that depres-
sion of net SR Ca®* uptake could contribute to the nega-
tive inotropic effect of all of these anesthetics, amount-
ing to a major factor for halothane and enflurane, and a
significant, but relatively less important one, for isoflu-
rane. While these authors do provide evidence, suppor-
tive of that obtained from studies of isolated SR, that
anesthetics inhibit SR Ca*" sequestration, their obser-
vations do not (as they admit) document whether such
inhibition of squestration occurs primarily through a
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direct inhibition of Ca®* uptake (as suggested by in vitro
studies'*® showing depression of Ca®* activated SR
ATPase activity), or through an increase in the rate of
Ca®* leak from this organelle, or, possibly, both, Their
speculation regarding a possible role for anesthetic en-
hancement of SR Ca** release needs further study. In
particular, caffeine-induced Ca®* release (the type of
release upon which their speculation was based) may
bear only superficial resemblance to the physiological
mechanism(s) responsible for SR Ca** release. For ex-
ample, caffeine-induced Ca** release does not share the
refractory period characteristic of Ca**-induced release
of Ca?*,'% and, in addition, it has been shown to occur
after physiological SR Ca®* release has been blocked by
ryanodine.'* A possibility to be considered is that halo-
thane increases the rate of Ca?" leak from the SR dur-
ing diastolic intervals, resulting in the depletion of Ca?*
that is to be released from the SR upon depolarization
of the sarcolemma. Studies of the effect of anesthetics
on Ca*-induced release of Ca®* by the SR, yet to be
performed, should provide additional, very useful in-
formation. The link coupling sarcolemmal depolariza-
tion to SR Ca** release is, perhaps, the least well-under-
stood aspect of electromechanical coupling.®® Thus, it is
not surprising that our understanding of related anes-
thetic action(s) is incomplete.

ISOLATED INTACT MYOCARDIUM

A number of studies have been designed with the aim
of determining, in isolated intact heart muscle, the rela-
tive roles played by anesthetic inhibition of the trans-
sarcolemmal and sarcoplasmic reticular sources of acti-
vator Ca** in depressing myocardial contractility. Ad-
vantages of this type of study include the possibility of
examining anesthetic effects on the subcellular ele-
ments which control the myocardium’s contractile state,
while these elements are in their normal environment.
Disadvantages include the fact that intracellular myo-
plasmic Ca®* levels are not controlled or precisely
known, and that interpretation of the information ob-
tained is dependent on the use of one of several pro-
posed models of electromechanical coupling, none of
which is yet universally accepted. Such information can,
however, be usefully compared with that derived from
studies of isolated organelles to provide a better under-
standing of anesthetic-induced myocardial negative
inotropism.

Bosnjak and Kampine'*® have used the photoprotein,
aequorin, to examine the effect of halothane on intra-
cellular Ca** transients in isolated cat papillary muscles.
They have compared these measurements with simulta-
neous measurements of transmembrane potentials and
isometric developed tension. Halothane caused a dose-
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related decrease in developed tension and transient
[Ca®*]; peak. The muscles exhibited positive staircase
(both force and Ca®* transient) as the pacing rate was
increased.(60, 75, 100, and 150 beats per minute) dur-
ing the control condition and during exposure to 1.2
and 2.4% halothane. When verapamil, 2 uM, was
added, staircase (both force and Ca?* transient) became
negative under all conditions, probably due to the fre-
quency dependent Ca®* channel blockade caused by ve-
rapamil (i.e., increasing block with increasing rate of
stimulation).'*® Halothane caused a slight decrease in
the duration of the action potential, and verapamil
caused a small increase. Halothane, added in the pres-
ence of verapamil, caused a further increase in action
potential duration. No change in the resting membrane
potential or in the action potential amplitude was noted.
The authors observed, at the higher pacing rates, that
“halothane had a greater effect on force compared with
intracellular Ca®"" and that “increasing the halothane
concentration from 0.18 to 0.33 mM (1.2 to 2.0% gas
phase in Bosnjak’s and Kampine’s experimental set up)
substantially decreased force while the aequorin signal
was abbreviated to a lesser degree.” They suggested,
because of these unequal effects, that halothane de-
creased myofilament sensitivity to Ca**, although they
stated this with reservation, since ‘“‘the aequorin signal
may not accurately measure the Ca** concentration im-
mediately surrounding the myofilaments” and since
“neither the contractile force nor the Ca®* transient
signal is likely to be linearly related to the (intracellular)
concentration of Ca** under these conditions.” Based
on the results of this study and their previous study of
the SA node (ref. 123, vide supra) and on the results of
the work of Lynch,'** the authors conclude that “halo-
thane reduces the influx of extracellular Ca®*"” and that
“this decrease in Ca?* influx is likely to be responsible
for a smaller release of Ca®* by the sarcoplasmic reticu-
lum resulting in a depressed intracellular [Ca®*].” This
study is important, since direct measurements appear to
indicate that intracellular myoplasmic activator Ca®"
levels are decreased by halothane. However, Bosnjak’s
and Kampine’s conclusions cannot be accepted un-
equivocally. The muscles they used were relatively thick
(mean diameter of 1.3 mm), and, because of this, may
have been hypoxic.!*” The fact that these authors re-
port maximum developed tensions of only about 200
mg/mm? (an order of magnitude below expected) indi-
cates that this may be true. Also, as they mention, halo-
thane might directly influence Ca®*-induced aequorin
luminescence.'*3!*? They offer data from in vitro work
of their own, showing that aequorin luminescence, in-
duced by 10 mM Ca?", is not affected by the concentra-
tions of halothane to which the muscles were exposed.
However, this data may not rule out an effect intracel-
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lularly, where aequorin luminescence is induced by
much smaller (micromolar) concentrations of Ca?*,
Using rested-state contractions (vide supra) and
steady-state contractions at frequencies of 0.1-3.0 Hz,
in isolated intact guinea pig papillary muscles, Lynch!'®
examined the effects of halothane and isoflurane on
normal and slow action potentials and upon the me-
chanical responses accompanying these. For normal ac-
tion potentials, isoflurane (1.3 and 2.5%) depressed
peak developed tension significantly less at high stimula-
tion frequencies than did equivalent doses of halothane
(0.75 and 1.5%). At the low stimulation frequency of
0.3 Hz, developed tension was late peaking, and was
depressed equally by both anesthetics. When rested-
state and low-frequency contractions were elicited in a
low-sodium extracellular environment, which presum-
ably enhanced SR Ca®* sequestration by inhibiting
Na*/Ca** exchange,** tension was early peaking and
was depressed significantly less by isoflurane than by
halothane. For slow action potentials, elicited by high
extracellular K* and 0.1 uM isoproterenol (vide supra)
tension exhibited both early and late peaking phases.
Again, late peaking tension was depressed equally by
both halothane and isoflurane, while early peaking ten-
sion was depressed significantly less by isoflurane than
by halothane. Depression of V;,,, the rate of upstroke
of the slow action potential, was 42% less with isoflu-
rane than with an equivalent dose of halothane, while
isoflurane caused a greater depression of contractile
tension than halothane. Because “isoflurane altered the
pattern of tension development in a different manner
than halothane,” Lynch suggested that these anes-
thetics depressed myocardial contractility by different
mechanisms. He ascribed late peaking tension to activa-
tion by Ca?*, which enters the cell during the action
potential, thence being sequestered and released by the
SR during the same beat, as proposed by Reiter ¢t al.*®
Thus, depression of late peaking tension is suggested by
Lynch to be due to anesthetic inhibition of SR function,
an action possessed by both halothane and isoflurane.
Since isoflurane depressed Vax Of the slow action po-
tential (a measure of the Ca?*-mediated slow inward
current) significantly less than halothane, and approxi-
mately five-fold less than it depressed late peaking ten-
sion, Lynch proposed that “decreased Ca®* entry con-
tributed little to the contractile depression produced by
isoflurane” and that ‘‘an alteration in SR uptake and/or
release would explain the dramatic depression of late
peaking tension” caused by this anesthetic. Halothane’s
negative inotropic effect would be mediated by depres-
sion of both Ca** entry and SR function. While Lynch
did not suggest a source of activator Ca®* for early
peaking tension, other workers*®66:150-18 haye postu-
lated that it is Ca®* which has accumulated in the SR

ANESTHETIC-INDUCED NEGATIVE INOTROPISM 759

during previous beats for immediate release following
stimulation. In favor of this, these workers have shown
that early peaking tension is inhibited by typical inhibi-
tors of SR function, such as ryanodine and the methyl-
xanthines. If early peaking tension is mediated by SR
release of Ca®*, Lynch's finding that early peaking ten-
sion is only minimally affected by isoflurane does not
support his postulation that this anesthetic’s major ac-
tion in regard to depression of contractility is one of SR
inhibition. Nor is his postulation supported by the ob-
servation of Su and Bell,'"! mentioned earlier in this
review, that isoflurane suppression of SR function is
small compared to the suppression caused by equivalent
doses of halothane. Lynch has also provided some data
for enflurane''® which indicates that, although it closely
resembles isoflurane structurally, its actions in guinea
pig papillary muscle are very much more like those of
halothane.

Komai and Rusy'®! examined rested state and poten-
tiated state contractions in isolated, intact rabbit papil-
lary muscles in an attempt to determine the extent to
which actions of halothane in the sarcolemma and the
SR were responsible for the anesthetic's negative ino-
tropic effect. The rationale for these experiments was
based on the previous work of others which indicated
that rested-state contractions depended almost exclu-
sively upon transsarcolemmaly derived Ca®* for their
activation,*®53 while potentiated-state contractions
were activated largely by Ca** derived from internal SR
release.*®>" Rested-state contractions were elicited by a
single stimulus delivered after 20 min of rest, while po-
tentiated-state contractions were produced by paired-
pulse (post-extrasystolic) stimulation. Halothane (0.6
and 1.0%, gas phase) caused approximately equal inhi-
bition of rested-state and potentiated-state contractions.
In addition, halothane accelerated the rate of decay of
the potentiated state, which was taken to suggest that it
decreased the ability of the SR to retain Ca** during
rest. It was concluded that halothane’s negative inotro-
pic action was caused by a combination of quantitatively
similar inhibitory effects on the transsarcolemmal and
intracellular (SR) sources of activator Ca2*.

Using similar methods, Komai and Rusy'®® compared
the actions of halothane (0.6%) and isoflurane (1.4%)
(anesthetic concentrations causing equal depression of
contractile force at a stimulation frequency of 0.05 Hz)
to those of Ni%*, an inhibitor of the slow inward Ca**
current,*! and ryanodine, a selective inhibitor of SR
function.** Confirming Lynch’s earlier observation (ref.
118, vide supra), they found that the negative inotropic
effect of isoflurane was significantly less than that of
halothane at high, but not at low, steady-state stimula-
tion frequencies. In the presence of isoproterenal, how-
ever, isoflurane caused significantly less depression than
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halothane, even at low stimulation frequencies. Increas-
ing the stimulation frequency in the presence of isopro-
terenol completely reversed (i.e., to values of developed
force measured in the presence of isoproterenol alone)
the negative inotropic effect of isoflurane, but not that
of halothane. In addition, these investigators found that
the inhibitory effect of isoflurane on potentiated state
{post-rest) contractions was significantly less than that
on steady-state (2.0 Hz) contractions. The effect of
halothane is opposite in this regard.'® Isoflurane’s dif-
ferential effect on steady-state and potentiated-state
contractions resembled that of Ni** (an inhibitor of the
slow inward current without frequency dependent ef-
fects), and was opposite to the effect of ryanodine (a
selective inhibitor of SR function). It should be noted
here that, although it is generally agreed that ryanodine
specifically inhibits SR function, the mechanism
whereby the drug accomplishes this is incompletely un-
derstood. It apparently inhibits Ca®** release from a
subfraction derived from junctional SR, but not from
longitudinal SR.'*”! While reduction of SR Ca*" re-
lease has been argued to occur secondary to a direct
inhibitory eflect on the release process,'™ it has also
been stated to occur secondary to accelerated depletion
of stored Ca®".'%" Nevertheless, it is apparent that the
availability of activator Ca** is reduced by ryanodine,
regardless of the underlying mechanism. Komai and
Rusy concluded that isoflurane, like halothane, inhib-
ited the influx of extracellular Ca**, but, unlike halo-
thane, had only a minimal effect on the availability of
Ca?* stored in and released from the SR. Isoflurane’s,
but not halothane’s, negative inotropic effect was re-
versed by conditions which increase transsarcolemmal
Ca*" influx. While Komai and Rusy agree with Lynch
that the mechanisins subserving the negative inotropic
effects of halothane and isoflurane are different, their
conclusions regarding mechanism are essentially oppo-
site. A major reason for this discrepancy rests in the fact
that the observations provided by these studies depend,
for their interpretation, on the use of models of elec-
tromechanical coupling (vide supra), none of which is as
yet universally accepted. Specifically, in this instance,
Komai and Rusy interpret SR Ca** as that which is
functionally inhibited by ryanodine or the methylxan-
thines, while Lynch, as mentioned above, interprets SR
function according to the model proposed by Reiter et
al (ref. 46, vide supra). As mentioned earlier the link
between membrane depolarization and internal release
of Ca*" is poorly understood. Perhaps there is more
than one source of Ca®" available for internal release,
each with a different triggering mechanism. As more is
learned about these phenomenon, the apparent contro-
versy between Lynch and Komai and Rusy as regards
isoflurane’s mechanisin of action is likely to be resolved.
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Davies and McCans'®! examined the effects of barbi-
turate anesthetics and ketamine on the force-frequency
(Bowditch staircase) relation of isolated perfused rabbit
hearts. The hearts were perfused with Krebs solution
and held at a temperature of 37° C. A strain gauge was
sutured to the free wall of the left ventricle, allowing
developed force and its derivative (dF/dt) to be mea-
sured. Hearts were paced at 1.0, 2.0, and 2.5 Hz. Ket-
amine-HCI (0.8 mM, 219 mg/1), pentobarbital sodium
(1.2 mM, 298 mg/1), thiopental sodium (0.8 mM, 210
mg/l), and methohexital sodium (0.7 mM, 199 mg/I)
each caused approximately 80% depression of dF /dt.
In the absence of anesthetic, staircase was positive. At
2.5 Hz, dF/dt was 140% of the value at 1.0 Hz. Stair-
case remained positive for all doses of pentobarbital.
Ketamine, thiopental, and methohexital exerted their
greatest depressant effect at high pacing rates and at
high dose, where they caused staircase to become nega-
tive, an effect which was enhanced by increasing the
concentration of Ca** in the perfusate. The authors
proposed that all four drugs acted to inhibit the trans-
sarcolemmal influx of Ca** and to depress contractile
force. However, as Davies and McCans state, “‘simple
inhibition of Ca®" influx is not sufficient to reverse
staircase.” They reason: La** 152 blocks Ca** influx by
displacing Ca®* from superficial binding sites in the sar-
colemma. While this ion depresses contractile force, it
does not reverse staircase.'° Verapamil and D600, on
the other hand, act directly on the Ca** channel to alter
its kinetics, i.e., they cause a frequency-dependent
blockade of the Ca?* channel,'®!8316% 3nd are capable
of reversing staircase.'*®!% Pentobarbital has been re-
ported to reduce the amount of Ca** displaced from the
sarcolemma by La®*.'*® Davies and McCans thus sug-
gest that ketamine, thiopental, and methohexital, be-
cause of their ability to reverse staircase, have a rate-de-
pendent action of sarcolemmal Ca** channels similar to
that of verapamil and D600. It should be noted that
staircase reversal by these anesthetics occurred only at
drug concentrations which were very high compared to
those likely to be encountered clinically.

Komai and Rusy'®® compared the actions of halo-
thane (0.5, 1.0, and 1.5%) and thiopental (10, 20, and
30 mg/1), in isolated, intact rabbit papillary muscles.
Differences in the action of these anesthetics on stair-
case and potentiated state contractions were noted. A
positive staircase was produced by increasing the stimu-
lation frequency from 1.0 to 2.0 Hz. Recall that Langer
et al. (vef. 56, vide supra), have provided evidence that
the increased Ca®* made available for staircase comes
from the sarcolemma. Additionally, Sutko ef al.%* have
shown staircase to be relatively insensitive to ryanodine
(vide supra), indicating that the SR may not be involved
in its production. Potentiated state contractions, on the
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other hand, are exquisitely sensitive to ryanodine,* and
are, therefore, dependent upon Ca?* derived from the
SR for their activation. In agreement with Davies and
McCans,'®! the negative inotropic effect of thiopental
was more prominent at high stimulation frequencies.
Thiopental, therefore, inhibited staircase, i.c., de-
creased the percent change in force accompanying
staircase. Halothane had the opposite effect, i.e., it had a
greater depressant effect at low stimulation frequencies
and caused staircase to be steeper. Thiopental inhibited
potentiated state contractions significantly less than
steady-state contractions. Halothane, on the other
hand, inhibited potentiated state contractions signifi-
cantly more than steady-state contractions. Thiopental
shifted the curve of post-rest potentiated force versus
length of rest period to the right, while halothane
shifted this curve to the left. Edman and Jéhannsson*?
have shown that post-rest potentiation requires an opti-
mum length of rest period and have interpreted this to
mean that, during rest, the Ca®** which is ultimately
responsible for potentiation is transported, in a time-
dependent manner, from sites of SR uptake to sites of
release. Using this model for post-rest potentiation,
Komai and Rusy suggest that thiopental slows intra-SR
Ca®* transport, while halothane hastens it (although
only slightly). An alternatively proposed model,"” kinet-
ically indistinguishable from Edman and Jéhannsson’s,
incorporates a single Ca®* uptake/release site, and sug-
gests that a time-dependent recovery of activation of
Ca®" release channels in the SR is responsible for the
optimum rest period.

In summary, Komai and Rusy state that both anes-
thetics reduce the transsarcolemmal influx of activator
Ca®*, While thiopental slows intra-SR transport of CaZ*
(or increases the time for reactivation of Ca®* release
channels), thereby increasing the time needed for devel-
opment of potentiation, it does not appreciably reduce
the amount of SR Ca*" available for release, i.e., its
effect on the force of potentiated state contractions is
relatively small. The major action responsible for thio-
pental’s negative inotropic effect is inhibition of trans-
sarcolemmal Ca%* influx. For halothane, on the other
hand, inhibitory effects in both the sarcolemma and the
SR act, importantly, to cause depression of myocardial
contractility.

Komai et al.'*® studied the negative inotropic effect of
etomidate, 2.0 and 4.0 mg/l, using steady state and
post-rest potentiated state contractions in rabbit papil-
lary muscles. Etomidate’s effect was most pronounced
at low stimulation frequencies (note that the opposite is
true for thiopental). Also, unlike thiopental, etomidate
had virtually no effect on the length of the rest period
needed for optimum post-rest potentiation, but, like
thiopental, etomidate’s effect on the magnitude of po-
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tentiated state contractions was small compared to its
steady-state effect. The negative inotropic effect of cto-
midate, both 2.0 and 4.0 mg/l, could be reversed by
increasing extracellular Ca**. These authors observed,
as did Kissin et al,'™ that the negative inotropic effect
of etomidate was relatively small. They concluded that
this action was mediated primarily by inhibition of Ca®*
influx with very little effect on the availability of intra-
cellular (SR) Ca?*,

Summary

The bulk of experimental evidence indicates that an-
esthetics do not produce their negative inotropic effect
via an inhibitory action on mitochondrial electron trans-
port. Anesthetics decrease energy need, rather than en-
ergy production. Anesthetics also decrease the rate of
sequestration of Ca** by mitochondria, but, again, this
appeatrs not to be an important cause of reduced myo-
cardial contractility.

The role played by direct anesthetic depression of the
myofibrils in' reducing contractility is uncertain. Most
experimental evidence now available suggests that sig-
nificant myofibrillar depression, measured in terms of
inhibition of actomyosin AT Pase activity or inhibition
of force production, occurs only at anesthetic concen-
trations which are high compared to concentrations
employed clinically. This would seem to indicate that
the myofibrils are not an important target for anes-
thetics in regard to the production of depressed myo-
cardial contractility, However, the experimental act of
removing myofibrils from their intracellular environ-
ment, or of removing the sarcolemma or making it hy-
perpermeable, appears to prevent some regulatory
myofibrillar phosphorylation reactions from taking
place. As stated by Winegrad,'? ““certain forms of regu-
lation of the cardiac myofibril are fragile and can be
seen only when cellular constituents and structure are
maintained.” It is possible that this type of regulation is
susceptible to inhibition by anesthetics. Methods for
preserving this regulation are available,'? and will need
to be employed before a depressant action of anes-
thetics on the myofibril can be definitely dismissed as a
significant. cause of the inhibition of cardiac contractil-
ity. A single study, of intracellular Ca?" levels in the
intact cell (where myofibrillar regulation was presum-
ably preserved), has indicated that halothane may de-
crease myofilament Ca** sensitivity. However, for rea-
sons stated above, this study cannot be taken as un-
equivocal proof of such an action.

Despite the fact that the normal action potential is
little affected by anesthetics, the sarcolemma appears to
play a pivotal role in the production of anesthetic-in-
duced contractile depression. Significant depression of
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the rate of upstroke of the slow (Ca**-mediated) action
potential by clinical concentrations of both inhalation
and intravenous anesthetics has been demonstrated by
several workers. This has been interpreted to mean that
anesthetics inhibit the influx of Ca** through the slow
channel, and such has been confirmed (to date, for halo-
thane and thiamylal) by direct measurement of the slow
inward Ca** current using a voltage clamp technique.
In addition to inhibition of the slow channel, anesthetics
(both volatile and intravenous) have been shown to in-
crease Ca** binding by the plasma membrane, This is
believed to decrease the amount of Ca** available for
contractile activation. According to our present under-
standing of electromechanical coupling, inhibition of
the sarcolemma in regard to its function as a source of
activator Ca** could result in depression of contractility
by: 1) decreasing the portion of transsarcolemmaly de-
rived Ca** which may participate directly in myofibril-
lar contractile activation, 2) decreasing the Ca?* which
is made available for storage in, and later release by, the
SR, or 3) decreasing the transsarcolemmaly derived
Ca®* which has been postulated to trigger the internal
release of Ca®* from the SR. Voltage clamp studies of
the effect of enflurane, isoflurane, and the intravenous
anesthetics (in addition to thiamylal) on the slow inward
Ca®* current are needed, as are studies of anesthetic
effects on Na*/Ca?* exchange, on intracellular [Na*],
and on sarcolemmal Ca*!*-ATPase activity. Studies of
the effect of anesthetics on myocardial Ca** influx,
using a newly developed method®®'%* which monitors
transient depletion of extracellular Ca?" with Ca®*-se-
lective microelectrodes in a relatively intact muscle
preparation, would provide additional, useful informa-
tion,

A role for the participation of the sarcoplasmic reticu-
lum in the production of anesthetic-induced negative
inotropism also appears to exist. In vitro studies of this
organelle indicate that SR Ca**-ATPase activity (and,
presumably, Ca%* uptake) is depressed in a dose-related
fashion by anesthetics. Anesthetic effects on the rate of
Ca** uptake by the SR have been found to be depen-
dent on both pH and ATP concentration. However, the
total capacity of the SR for Ca*" appears to be de-
creased by anesthetics under all conditions, and this has
been interpreted to mean that less Ca®* is available for
internal release in the presence of these agents. Studies
in intact tissue tend to confirm this impression, espe-
cially for halothane and enflurane. Although the data
from in vitro studies are insufficient to determine
whether there are quantitative differences between an-
esthetics concerning their action in SR, studies in more
intact preparations infer that such differences exist.
The results of these studies have been interpreted by
some (albeit not all) investigators to suggest that isoflu-
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rane exerts less of a depressant effect on SR function
than either halothane or enflurane. Likewise, the intra-
venous anesthetics which have been examined appear to
depress SR function less than the inhalation agents in
regard to decreasing the amount of Ca®* which is avail-
able for internal release. Data from certain of these in-
vestigations indicates, also, that reversal of contractile
depression by positive inotropic agents is more com-
plete for those anesthetics that minimally affect the SR.
As indicated earlier, the extent to which inhibition of
sequestration of Ca** by anesthetics is caused by direct
inhibition of Ca** uptake or by an increase in the rate of
Ca?* leak from this organelle is not known. That the
latter mechanism is important for halothane is sug-
gested by studies in intact tissue, which show an in-
creased rate of decay of the potentiated state in the
presence of the anesthetic. Data concerning this effect is
not available for other anesthetics, and should be ob-
tained. Also, in vitro studies of the effect of anesthetics
on the rate of Ca** leak from Ca%*-loaded isolated SR
should be performed. Finally, no physiological mecha-
nism presently proposed to be responsible for the inter-
nal release of Ca®* from the SR has been directly exam-
ined for possible influence by anesthetics. In this re-
gard, the effect of anesthetics on Ca®*-induced release
of Ca** should be evaluated, both in vitro and in skinned
fiber preparations. Similarly, studies of the effect of an-
esthetics on IPs-induced internal release of Ca?* should
also be performed.

The authors are grateful to Dr, Richard L. Moss, Associate Profes-
sor of Physiology, University of Wisconsin, for his helpful comments
on an carlier version of the manuscript.
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