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ABSTRACT

This investigation was designed to study the mechanism by which
ouabain incrcases Ca influx into kitten cardiac muscle in the presence of
the positive inotropic effect. (PIE). To determine the parameters of
the associated Ca kinetics, a group of control hearts were perfused se-
quentially with Krebs-Henseleit solution (K-H solution) at four different
perfusate Ca concentrations: 1,25, 2.5, 5.0 and 10.0 mEqg/1l. Treated
hearts were exposed to the same conditions in the presence of ouabain
(5 x 10 -8 g/ml). A second group of control and treated hearts followed
a similar format to the above with the addition of a Ca-free wash between
each Ca uptake. Determination of Ca kinetics based on a two compartment
Ca uptake curve included: a) half-time for the Ca uptake to approach a
steady state. b) rate of Ca uptake by both Ca compartments. <c) Ca con-
tent 6f each compartment. Maximum levels of contractile force and rates
of restoration of contractile force were also measured.

Ouabain caused a PIE, although it was not always statistically
significant. Rates of restoration of contractile force were increased in
all treated preparations, although statistical significance was recorded
at only one of the Ca perfusate concentrations.

There were no significant differences in half-time, Ca content,
or rate of Ca accumulation into Ca2 which could be attributed to ouabain,
although there were instances in which a consistent trend was evident in
the ouabain data. In all groups of hearts, Ca content and rate of Ca
accumulation was dependent on perfusate Ca concentration, while half-time

values remained reasonably constant.



Of greater interest is the effect of ouabain on the kinetics of
CaTr (trigger compartment) and the corrclation data comparing Ca uptake
with contractile force. Although neither the Ca content nor the half-
time values of Ca were effected to any extent, the rate of Ca accumu-

Tr

lation into CaTr was consistently elevated by the ouabain treatment.
Anélysis of the correlation data suggest that the PIE of ouabain may be
caused by an increased exchange of intracellular Ca between Caz and the
contractile mechanism (CM).

In light of the compartamental model for excitation-contraction
coupling (E-C coupling) proposed by Ong and Bailey (1972), the following
E-C coupling pathway is proposed to explain the data of the present study.
In the presence of ouabain there is an increased rate of Ca accumulation
into CaTr accompanied by an increase in the exchange of Ca between CaTr

and Caz. This increased exchange of Ca between CaTr and Ca2 triggers a
further elevation in the exchange of intracellular Ca between Ca2 and the

CM. This augmented transfer of Ca between Ca2 and the CM supports the

additional E-C coupling which is necessary to maintain the PIE,
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SECTION I

INTRODUCTION



A. Historical Consideration of Ca in Excitation-Contraction Coupling

The necessity for the prescnce of Ca ions to maintain contrac-
tility in the hecart was realized nearly one hundred years ago by Ringer
(1882). It was not until 1913 that Mines demonstrated that the contrac-
tile activity of the heart was dependent on Ca rather than electrical
activity. This finding was based on the observation that a heart bathed
in a Ca-free medium would stop beating, but would retain its surface
electrical activity. Forty years later, Sandow (1952) introduced the
concept of excitation-contraction coupling (E-C coupling) in skeletal
muscle with the proposal that the Ca ion somehow completed the circuit
between the initial depolarization of the cell membrane and the final
mechanical response of the muscle cell, Elaboration of this role of Ca
in the E-C coupling process of cardiac tissue comprises a large portion
of the present study. However, some consideration of the concept of in-
tracellular Ca compartments and their projected role in the E-C coupling
process 1s necessary.
B. Ca Compartment Models and Their Relation with E-~C Coupling

The role of Ca in E-C coupling in cardiac tissue has been studied
by numerous investigators (Winegrad,1961; Winegrad and Shanes, 1962;
Niedergerke, 1957, 1963 a.b., 1969). However, it was the investigations
of Niedergerke (1963), which inspired the concept of an intracellular Ca
pool which might be involved with the process of E-C coupling. In 1963
he observed an increased influx of Ca during the depolarization and sub-
sequent contraction of the cardiac muscle cell, Of greater significance

was his observation that the influx of Ca continued to increase after the



heart had attained maximal levels of contractility. This observation led
Niedergerke to postulate the existence of an intracellular Ca pool some-
how involved in the E-C process to account for the continued increase in
Ca uptake. Very simply, he proposed that the influx of Ca, after being
relcased from a membrane Ca carrier complex (CaR), entered the cell and
became the intracellular "Activator' Ca pool, which in turn interacted
with the contractile mechanism (CM) to initiate contraction. The sugges-
tion of an intracellular calcium compartment being at least partially re-
sponsible fof E-C coupling has inspired many investigators to elaborate
on such a scheme, Most of these revised models are the result of inves-
tigative techniques employing Ca washout and/or Ca uptake studies.
Winegrad and Shanes (1962, studying Ca flux in guinea-pig atria have pro-
posed a Ca compartment system comprised of three components:

a) A fast component with a half-time of 4.5 minutes

b) A slower component with a half-time of 86 - 168 minutes

c) An unexchangeable Ca component
An investigation of Ca flux in isolated rabbit atria (Teiger and Farah,
1967), yielded a similar three component model with a slight modification
in that the third component was considered to be a slowly exchanging Ca
storage compartment.

Further refinement of the Ca compartments of cardiac tissue was
proposed by Langer (1964, 1965, 1967), who studied Ca washout curves from
arterially-perfused dog papillary muscle, He identified five Ca compo-
nents, termed Phasc O to Phase 4 which were described as follows (Langer

1965):



Phase O Vascular,

Phase 1 Interstitial,

Phase 2 Sarcotubular system,

Phase 3 Intracellular slowly exchanging and,

Phase 4 Intracellular and/or connective tissue.

More closely related to the current research are the results of

Bailey and Dresel (1968), who studied the washout of Ca from gas-perfused
Langendorf kitten hearts. They have suggested the following three Ca
compartments which are presented schematically in Fig. 1

CA Vascular Ca

I

CAII Intracellular Ca pool responsible for the maintenance of

contractile force.
CAIII Slowly exchanging or non-exchangeable tissue bound Ca.
This model has since been modified by Ong and Bailey (1972), to include
an additional ''trigger-pool' (depicted in Fig. 1 as T), which is believed
to initiate the release of Ca from Caz, which then interacts with the CM
to initiate the contractile response. Further evidence from Ong and
Bailey (1972), using Ca uptake curves as opposed to Ca washouts, suggests
the presence of intracellular Ca compartments labelled CaTr and Ca2 which
may or may not be equvalent to CaI and CaII of Bailey and Dresel (1968).
On the basis of the data from Ong and Bailey (1972), CaTr is probably the
"trigger—pool" and will be referred to as CaTr, while CaI of Bailey and
Dresel represents vascular Ca. On the other hand, because of the corre-

lation betwecen Ca uptake into Ca2 and the restoration of contractile

force, Ca2 probably represents the same maintenance pool as does CaII



Figure 1:

A schematic diagram of the hypothetical model for

. Ca exchange processes occuring during contraction

in liquid and gas perfused hearts. See text for
details. I, II and III represent the Ca compart-
ments depicted in the Ca-free washout analysis.
I - vascular Ca

IT tactivator Ca'

IIT - storage pool

IV - residual tissue Ca

T - 'trigger Ca'

CM - contractile elements

The arrows indicate the probable pathway of Ca
movement.



- Y WWITODUVS==




although we do not have conclusive proof for this. Further modification
of the Ca compartment (Ong, Ph.D. Dissertation) included the proposed
CaIII pool as a storage pool rather than non-exchangeable Ca, The in-
vestigations of Bailey and co-workers (1972) with gas-perfused kitten
hearts, suggests that there is no direct exchange of Ca between Ca and

II

Cc during the period of gas perfusion. To complete this description

2111
of the Ca compartment model, Bailey and Ong (1973), have proposed a
fourth Ca compartment, which is believed to be the non-exchangeable por-
tion of the tissue Ca. Because of the close relationship of Ca to the
E-C coupling process, it is probable that Ca plays a role in the PIE to

ouabain.

C. The Positive Inotropic Response to Ouabain and its Effect on Ca
Kinetics

An excellent review of the inotropic response initiated by ouabain
and its relationship with the subcellular components of the myocardium
is presented by Lee and Klaus (1971). In addition, a full consideration
of the proposed ionic interactions associated with ouabain is found in a
review by Glynn (1964).

The PIE to ouabain has long been associated with a requirement
for Ca. Loewi (1918) reported that ouabain could not elicit a PIE in
the absence of Ca in the bathing medium. However, the sequence of events
involving ouabain and Ca to produce the PIE is still a matter of conjec-
ture.

1. Sequence of events involving ouabain, Ca flux and the PIE.

There are at least two possibilities: a) Does ouabain stimulate

Ca movement into the cell which in turn increases the force of contracture?



or, b) Is the augmented Ca influx secondary to the increcasced contractile
force which was a direct conscquence of ouabain treatment?

Investigations by Holland and Sekul (1959), on the effect of oua-
bain on 45Ca influx in rabbit atria showed that toxic doses of ouabain
increased the exchange of 45Ca. They suggested that at therapeutic
levels, ouabain should increase the turnover rate of Ca without disturb-—
ing the levels of tissue Ca. Further clarification of this issue was
offered by Govier and Holland (1965), who examined the influence of oua-
bain on contractile force and Ca exchange in rabbit atria. They conclud-
ed that ouabain was responsible for the influx of Ca which in turn yield-
ed a positive inotropic effect. This interpretation is logical when one
considers experiments in which the external Ca concentration had been in-
creased and a concomitant increase in contractile force was recorded in
the absence of ouabain (e.g., Niedergerke, 1963 a). Having agreed upon
the general premise that Ca was responsible or at least implicated in the
PIE, investigators began to consider more of the specific details such as
the source of this Ca involved in the PIE,

2. Source of Ca involved in the PIE,

Three theories evolved regarding the source of Ca necessary for
the PIE: a) The PIE was dependent on intracellular stores of Ca which
were stimulated by ouabain. Govier and Holland (1965); Klaus (1963);
Bailey and Krip (1972), b) The PIE was initiated directly by the influx
of extracellular Ca across the cell membrane which was enhanced in the
presence of ouabain. Holland and Sekul (1959); Sabatini-Smith and Holl-

and (1967); Bailey and Harvey (1969), or ¢) or a combination of the two.



As a generalization it appears that ouabain achieves the PIE
through an increased influx of external Ca, plus an influence on the in-
tracellular Ca stores, although most compartamental models favour the
influx of external Ca, (Langer, 1968).

3. Mechanism by which ouabain influences the transport of extracellular
Ca into the cell,

Once again, there are two alternatives to be considered: a) Oua-
bain increases Ca influx by increasing the permeability of the membrane.
b) Ouabain increases Ca influx by increasing the number of Ca carriers
in the membrane,

A number of investigators, Holland and Sekul (1959); Sabatini-
Smith and Holland (1967); and Bailey and Harvey (1969), on the one hand
have observed an increase in the exchange of Ca in the presence of oua-
bain and have attributed this finding to an increase in Ca permeability
of the sarcolemma. On the other hand, there are also some convincing re-
ports in favour of some form of carrier-mediated Ca transport. Reuter
and Seitz (1968), demonstrated that the efflux of Ca from cardiac tissue

C
was proportional to the ratio of [ a]o which implies some form of compe-
2
N
[Na]?

tition between the Ca and Na ion for carrier-mediated Ca transport. Ad-
ditional evidence for such a Ca transport system was presented by Glitsch
et al. (1969), who employed double reciprocal plots to study thé effect
of internal Na concentration on Ca efflux and influx in isolated guinea-
pig atria. They found that a high [Na]i or a low [Na]o yielded an in-
crease in Ca accumulation in the atria, which suggests competition be-

tween Ca and Na for a carrier complex.



On the basis of these findings it is not unreasonable to speculate
that ouabain increascs the Ca influx at least partially, by some action
on the Ca carrier system. To determine whether ouabain influenced the
permeability of the membrane, or a Ca carrier system, or both, Bailey and
Sures (1971), did a series of Ca uptake and washout experiments. Their
findings showcd that ouabain did not alter the half-times to achieve a
steady state of Ca uptake while it did increase the amount and the rate
of Ca accumulation by the heart. On the basis of this observation, they
proposed that ouabain increased Ca exchange through the activation of
additional Ca carriers in the membrane, which in the absence of ouabain
would be inactive. Although this proposal formed the main substance of
their argument, they were unable to rule out completely the possibility
that ouabain may also have altered Ca permeability of the cardiac tissue.
Thus there remains some degree of uncertainty associated with the possible
activation of additional Ca carriers as opposed to an increase in Ca carr-
ier mobility or a change in membrane permeability to exblain the mechan-
ism of the action of ouabain on Ca exchange. It is this element of un-
certainty regarding carrier activation vs increased permeability or
carrier mobility which provides the basis for the present study.

D Statement of the Problem

As a sequel to the study by Bailey and Sures (1971), it Qas hoped
that current investigations might offer further elucidation of the mechan-
ism by which ouabain enhances Ca exchange, either specifically through an
increase in the mobility of the available Ca carriers, or through the

activation of previously inactive Ca carricrs.



To evaluate the effect of cuabain on the uptake of Ca into the two

Ca pools involved in E-C coupling, i.e¢. Ca and Ca_, contractile force

Tr 2

will be restored in Ca-depleted hearts by reperfusion with K-H solution
at 1.25, 2.5, 5.0 and 10.0 mEq Ca/l. The rate of Ca accumulation by both
pools, and the rate of restoration of contractile force will be determin-
ed at each concentration. Data obtained will be analyzed by the Scatchard
Format (Koshland, 1970), to determine if ouabain produced an increase in
the number of binding sites in either of the Ca pools. The velocity of
Ca uptake at each perfusate Ca concentration will be plotted as a func~
tion of the perfusate Ca concentration. Since Ca uptake by both Ca pools
is saturable, the intercept of the line with the abscissa yields an index
of the binding capacity of each pool. A shift to the right of the inter-
cept after ouabain treatment suggests that ouabain increased the number
of binding sites available in one or both of the pools.

Because of some shortcomings in the computer analysis of our data,
much of the data may not satisfy the requirements of the Scatchard Format
analysis. With this qualification in mind, an alternative approach should
offer some insight into the mechanism of the influence of ouabain on Ca
uptake into the Ca compartments described above.

This alternative consists of an analysis of the kinetic parameters

governing the Ca flux of Ca and Caz, such as:

Tr
a) rate of Ca uptake into the Ca compartment

b) half-time for Ca uptake to approach steady state

¢) Ca content of each Ca compartment
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In addition, corrclation of the rate of Ca uptake in these Ca
compartments with the rate of restoration of contractile force in the
Ca-depleted hearts will lend additional support to the evidence from

the Ca kinetics analysis.
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METHODS
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A, Expecrimental Preparation

1. DPerfusion apparatus

A complete description of the gas perfusion apparatus has been
published by Gabel and colleagues (1966), and by Bailey and Dresel (1968).
The preparation is similar to that shown schematically in Fig. 2. The
different perfusates entered the heart through a Y-shaped cannula (one
side for gas - one side for liquid) with a thermistor probe (YSI Model
403) in place near the neck of the Y. The flow of current in the heating
coil around the glass tubing leading to the cannula was controlled by a
thermoregulator (YSI Model 73). The heating coil was employed for the
final temperature adjustment of the gas perfusate which was maintained at
37.0°C + 0.5°C. Regulation of the perfusion pressure was achieved by
immersing a glass tube in a column of water which corresponded to a
pressure of 60 mm Hg. Whenever a change from liquid to gas perfusion
occurred, the excess liquid perfusate in the cannula overflowed into a
side~arm flask.

Liquid perfusates of various compositions were equilibrated with

95% 02 - 5% CO_ in glass reservoirs. Perfusion pressure was maintained

2
by exhausting the overflow gases into a column of water at a depth corr-
esponding to 60 mm Hg (Gabel et al, 1966). Heating of the liquid perfu-
sate to 37.0° + 0.5°C was achieved by spiral condensers located just
prior to the cannula. The gas mixturc was heated in a similar fashion,

and then humidified in a water-jacketed scrubbing bottle filled with sa~

line,



Figure 2: Schematic drawing of the perfustion apparatus.
See text for details.
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The perfused heart was maintained at a temperature of 37.06 + 0.5°
and high humidity in a water-jacketed plexiglass box. Both the cannula
in the pulmonary artery and the monofilament attached to the apex of the
heart were passed through a hole in the bottom of the box. To prevent
dripping of perfusate liquid onto the Grass FTO3B force displacement
transducer, the hole was sealed with PlastibaseR (Squibb, New York),
which was held in place by attachment of a finger from a rubber glove.
Friction of the Plastibase against the monofilament damped the contrac-
tile force recordings to a small extent.

2. Preparation of the heart

Kittens of either sex weighing 0.7 - 1.2 kg were killed by a blow
to the head. To prevent formation of thrombi in the coronary arteries
after the animal was killed, 1000u/kg Heparin (Connaught Labs, Toronto,
Canada) was injected one hour prior to sacrifice. After removal of the
heart, it was placed immediately in cold (4°C) Krebs-Henseleit solution
(Krebs and Henseleit, 1932), and all extraneous tissue was removed. The
heart was then attached by the aorta to the perfusion cannula. An inci-
sion was made into the pulmonary artery, and a cannula for effluent col-
lection was inserted through this opening into the right ventricle. To
prevent loss of perfusate, both the venae cavae and the pulmonary vein
were ligated. At the apex of the left ventricle, a small incision was
made to allow excess gas and liquid to escape, and also to serve as a
point of attachment for the stainless steel clip. A monofilament line

attached to this clip was affixed to a Grass FTO3B force displaccment

C
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transducecr. Changes in isometric tension were reccorded on a Brush Mark
220 polygraph. Resting tension was adjusted to 10 g which produced a de-
veloped force of contraction which was approximately 50% of the maximum
on the basis of the length-tension relationship in a majority of hearts.
Resting tension was maintained during all experiments. Electrical stim-
ulation at twice threshold voltage and at a frequency of 180 beats/min.
was supplied by a Grass S6 stimulator by one electrode attached to the
right atrium and the clip in the apex which served as the indifferent
electrode.

B. Composition of Perfusion Solutions

1. Modified Krebs-Henseleit Solution

The liquid perfusate used to equilibrate the hearts prior to the
experiment, was modified Krebs-Henseleit solution (K-H solution). The
composition of the mofified K-~H solution is shown in Table 1, After
equilibration with 95% 02 - 5% 002 at 37.0°C the pH of the solution was
7.4.

2. Modification of control perfusate

a. Ca-free perfusate: Composition was changed by omission of the

‘6H_O.
CaClz 612

b. Different Ca concentrations: Appropriate amounts of the stock

solution CaClz'GHZO were added to make four different Ca concentration

perfusates: 1.25 mEg/l, 2.5 mEg/l, 5.0 mEg/1, and 10.0 mEqg/1.
c¢. Addition of ouabain: In the treated hearts a solution of aqueous
ouabain (¥Fluka, Switzerland) was added to all perfusates in the amount

._8 —
50 ul/1, yiclding a final concentration of 5 x 10 g/ml (8.5 x 10 8M)



Figure 3:

Perfusion protocol to determine the effect of
different perfusate Ca concentrations on Ca
uptake and restoration of contractile force,
without calcium—-free wash (CNW and_gNW).

In the DNW hearts, ouabain (5 x 10 "g/ml)

was added to all perfusates.
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TABLE I

COMPOSITION OF MODIFIED KREBS~-HENSLELEIT SOLUTION

Component

Concentration

NaCl
KC1

H °2H
Na 2P04 2 20

MgSO °7H
gS0, " 7H,0

HCO
Na 3

C ‘6H
aClz 6 20

Glucose

112.5

11.2

g/1

0.18

2.20

2.00
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in the perfusate solution. Calculated osmolarity of the above modified
solutions ranged from between 300 and 320 mOsm which did not differ sig-
nificantly from the physiological osmolarity of 290-320 mOsm (Ruch and
Patton, 1965). Perfusate solutions were preparcd on the day of the ex-
periment from four stock solutions as follows:

A, NaCl plus KC1

B. NaH_PO '2H_O plus NaHCO3

o 4 “Mg

C. MgSO “7H. O
MgS0, 7H,
D. CaCl "6H O
aCl, 6H,

which were stored at 4°C.

Solution B was bubbled with 100% CO2 for an hour prior to the ex-
periment as stipulated by Krebs and Henseleit (1932). The four solutions
were stored separately to prevent formation of microcrystals of insoluble
Ca carbonate and Ca phosphate which have been shown to obstruct coronary
vessels (Young, 1968).

C. Experimental Protocol

1. Perfusion scheme

Two experimental designs were employed in this study, one in which
Ca-free washes were interpolated between each Ca uptake (CW), and one
group in which no Ca~free wash was used (CNW). 1In the CNW hearts, the
experimental design was further divided into untreated and ouabain treat-
ed hearts (DNW)., A flow chart for these two groups of hearts is shown in
Fig. 3. A contractile force tracing corresponding to this experimental
protocol is shown in Fig. 6a and 6b. The second group of hearts was also

divided into two scts: controls with a Ca-free wash (CW), and ouabain
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treated test hearts, (DW), also cxposed to the Ca-frece wash, The experi-
mental protocol is shown in Fig. 4, while typical contractile force tra-
cings are prcsented in Fig. 7a and 7b.

a. A Ca uptake without Ca-free wash (CNW and DNW hearts).

Initially, the hearts were equilibrated for 30 min. with 5.0 mEqg
Ca/l. K-H solution, followed by 30 min. of perfusion with 95% 02 -5% C02
gas mixture. Next, the heart was washed out with a Ca-free perfusate
until contractility was reduced to less than 1 gram. At this level of
contractility, it was considered that there was little endogenous Ca
available for contraction, and that minimal damage was done to the func-
tional integrity of the cardiac muscle cell. Ca-free washout was follow-
ed by a brief 20 sec period of gas perfusion to remove any fluid remain-
ing in the coronary vasculature after washout which might interfere with
the Ca-uptake perfusion.

After gas perfusion, the first of the sequence of Ca uptake per-
fusions was initiated with the 1.25 mEq Ca/l. perfusate. This was follow-
ed by a second brief period of gas perfusion to clear the liquid perfusate
out of the coronaries. The remaining Ca perfusates (2.5, 5.0, and 10.0
mEq Ca/l1) were introduced into the heart in order of increasing concen-—
tration. A brief gas perfusion was always interpolated between each of
these Ca uptake perfusates. During each Ca perfusion, samples of the
effluent were collected at 6 sec intervals from the cannula in the pul-
monary artery. A record of contractile force was maintained throughout
the experiment., The treated hcarts (DNW) were exposed to a concentration

-8
of 5 x 10 =~ g/ml ouabain in all perfusates.



Figure 4:

Perfusion protocol for the second group of hearts
comprised with Ca-free wash between each perfus-
ate (CW) and ouabain-treated hearts with a Ca-
free wash (DW), In addition to the Ca-free wash,
the perfusate sequence was also altered.
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b. Ca uptake with a scries of Ca-frec washes (CW, DW)

The sccond group of hearts received a similar scries of Ca perfus-
ates to the above, with the addition of a Ca-free wash between each per-
fusate. The initial equilibration on K~H solution, gas perfusion and Ca-
free washout was unchanged. However, the sequence of the perfusates was
changed to: 5.0 - 2.5 - 10.0 - 1.25 mEq Ca/l. (Fig. 4). The interjection
of a Ca-free wash between each Ca uptake was done to eliminate the possi-
bility of partial filling of Ca compartments under the initial protocol
(CNW, DNW) between each Ca uptake. It was felt that partial filling of
the Ca compartments could produce Ca efflux during uptake and distort the
values of the kinetic parameters governing Ca movement, e.g., the half-
time to approach a steady state of Ca influx or the rate of filling the
Ca compartments. The DW hearts were exposed to ouabain (5 x 10"8 g/ml),

2. Analytical procedures

a. Determination of ion concentrations

Collection of the sample effluent through the cannulated right
pulmonary artery was timed at 6 sec intervals, using a Model 272 (ISCO)
Fraction collector (ISCO, Lincoln, Nebraska). The average flow rate for
the perfusate was 4.5 + 0.2 ml/min/g wet weight of heart tissﬁe, and was
reasonably constant in both groups of hearts throughout all phases of an
experiment. The strength of contractile force was measured from the tra-
cings at 6 sec intervals to coincide with the collection time of the
effluent samples.

At the completion of the perfusion sequence, the heart was removed

from the apparatus and a sample of approximately one g was cut from the
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ventricle, which was then partially driced by blotting, and weighed. Re-
maining moisture was removed from the tissue samplc by drying for 24
hours at 80°C in vacuo and the dry weight was noted. Ca ion concentra-
tions for the effluent and tissue samples were determined using a Perkin-
Elmer 303 Atomic Absorption Spectrophotometer (Norwalk, Connecticut).

The ashed samples of heart tissue and aliquots of effluent were prepared
for Ca determination by dilution with 1% lanthanum in 5% (v/v) HCl.

3. Graphical analysis of Ca uptake data and contractile force

a. Ca uptake data

The Ca concentration measured in the effluent during perfusion with
1.25, 2.5, 5.0, and 10.0 mEgq Ca/l1 was plotted as a logarithmic function of
time. Best fit Ca uptake curves were drawn with a french curve through
the data points. The asymptote which this curve approached was the Ca
concentration measured in the perfusate. This curve smoothing method
was employed because the different data points when plotted on the ex-
panded scale of semi-logarithmic paper were generated disproportionately
large error values. Further justification of this procedure is given in
the Discussion. Each value of Ca concentration was subtracted from the
asymptote value and the resultant points were then plotted against time
on semi-logarithmic paper (See Fig. 5). In essence, this procedure
converts an uptake curve into a corresponding washout curve which was
then analyzed by computer. The computer analysis for these washout

curves was based on the graphical analysis as described by Riggs (1963).



Figure 5:

The uptake of Ca in a typical experiment during
reperfusion with 5.0 mEq Ca/l. The heart was
first depleted of Ca by Wash I. The logarithm
of Ca concentration in the effluent is plotted
as a function of time. The curve, @a] , 1s the
least squares best fit line for the datid points
(¢). The horizontal line indicates the concen-
tration of Ca in the perfusion medium, 5.0 mEq
Ca/1., The curve, R, is the least best fit line
for the difference between the Ca concentration
measured in the effluent and the reperfusion

Ca concentration. The broken lines are the two
compartments resolved by graphical analysis.
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(mEq.l)

TIME (sec)
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In its simplest form, this computcrized compartamental analysis
operated as follows: The lecast squarcs best-fit line was calculated for
the last five data points, after which each subscquent data point was
tested. If four subsequent data points were above the best-fit line, and
if both the third and fourth points were more than one standard deviation
away from the line, another best-fit line was drawn through the four data
points and the slopes of the two lines compared. This procedure yielded
two alternatives: if there was no significant difference (P > 0.05) be-
tween the two slopes, then a new best-fit line through all the data points
(9) examined became a tentative compartment while subsequent data points
were analyzed the same way. On the other hand, if there was a signifi-
cant difference between slopes (P < 0.05) then the second best-fitting
line became another tentative compartment and subsequent data points were
tested as above until all data points in the uptake were analyzed.

The uptake of Ca by Ca-depleted hearts was described by the follow-
ing general equation:

[Ca]T = 5.0 - [Cajltzoexp(~klt) - [ca] exp(~k,t) )

2t=0
(The symbols used are defined in Table 2)
Note: Substitute 1.25, 2.5, 10.0 in place of 5.0 for the appropriate
perfusate Ca concentration,

The unknowns in equation 1, [Ca] [Ca] k. and k2 were de-

1t=0 2t=0 "1
termined by the computer program for the analysis of Ca washout curves,

after the Ca uptakes had been subtracted from the asymptotc and plotted

as Ca washout curves, When the influx of Ca into the heart was equal to
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the Ca efflux from the heart, the Ca concentration in the perfusate was
cqual to the Ca concentration of the effluent. On this basis, the slopes

(kl and k2 equation 1) arec indicative of the rate of approach to a steady

state of Ca influx into CaTr and Caz, respectively (Fig. 5). In other

words, these slopes are considered to be rate constants for the approach

to steady state of Ca uptake into the appropriate compartment CaTr and

Caz). Thus, the slopes, k1 and k2 can be interpreted as rates of fill-

ing of these Ca pools in the heart.
i, Half-time
The mathematical relationship between the half-time for Ca uptake

(T 2) and the rate constants is determined by equation 2.

-1
= 0.693. ki (2)

1/

T
1/2
(See Table 2 for definition of symbols)

ii. Ca content
The quantity of Ca accumulated by each compartment during the first

6 seconds of reperfusion was calculated by multiplying [Ca] by the

NT=0
volume of the effluent sample and dividing by the weight of the heart.

The total quantity of Ca taken up by either compartment was the product
of the effluent volumes and [Ca]N summcd over N samples and divided by

heart weight. It was expressed in terms of mEq/kg Tissue Wet Weight by
the following equation:

N
Can content =igitca]ni'V1 (3)
w

(See Table 2 for definition of symbols)
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TABLE II

DEFINITION OF SYMBOLS

Symbols Definition
th
Can The n compartment where n = 1 or 2 for uptake data.
[Ca]T Total Ca concentration in effluent (mEq/1).
. . .th
[Ca]ni Ca concentration in the i sample of effluent from

the nth compartment (mEq/1).

t
[ca] Ca concentration for the n h compartment in the
nt=0

first sample (mEq/l).

-1
kn Rate constant or slope for the nth compartment (sec ).
.th
Vi Volume of i sample of effluent (ml).
w Wet weight of ventricles (g).

t
t Time of collection of i b sample (seconds).
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b. Ca content based on-a onc compartment analysis.

To compare our Ca content data with thosc of Bailey and Surcs,
(1971), the Ca content data from the DW and CW groups at 5.0 mEq Ca/l
were re—analyzed on the computer using a one-compartment analysis. This
was done (using the same program as previously described) by fixing the
boundaries of a single compartment; {(rather than allowing the computer to
determine the boundaries of a two compartment system) and changing them
when necessary until a single compartment analysis with the lowest stand-
ard deviation had been analyzed. The Ca contents were calculated as des-
cribed by equation 3 and compared with the Ca contents of the same experi-
ment which had been analyzed as a two component system. This one component
Ca content analysis was also compared with the Ca content data of Bailey
and Sures (1971). Further explanation of this comparison is presented in
the Discussion.

c. Contracile force.
i. Maximum contractile force

Levels of contractile force were measured directly from the con-
tractile force tracings. In instances where recording sensitivity had
been altered, the appropriate conversion factors were employed.

ii. Rate of restoration of contractile force

Rate of restoration of contractile force was also measured di-
rectly from the contractile force tracings. A line was drawn by eye
through the steepest portion of the tracing (usually near the beginning),
and the slope calculated from it was considered to be the rate of restor-

ation of contractile force. Conversion factors were employed where the
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sensitivity of the tracings had been changed,
D. Statistical Analysis

Correlation analysis (Stecl and Torrie, 1960) of the rate of Ca
uptake with the rate of restoration of contractile force in Ca-depleted
hearts was done by the same method as employed by Bailey and Dresel (1968)
for Ca washout studies,

Tests of significance between means of various parameters of ion
kinetics were analyzed by Student's unpaired t-Test (Dixon and Massey,
1957). For all analyses the criterion for statistical significance was

pre-selected at a probability of 0.05.



SECTION III

RESULTS
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A. Effcct of Perfusate Ca Concentration on Restoration of Contractile
Force and Ca Kinetics.

1. Restoration of contractile Torce.

a. Maximum contractile force
Reperfusion of hearts previously depleted of Ca by a Ca-free wash
restored contractile force to a new steady level in both CW and CNW hearts.
This is illustrated in Fig. 6 a and b and Fig. 7 a and b showing typical
contractile force tracing of a CW and CNW treatment. These tracings
correspond with the protocol outlined in Fig. 3 and 4, respectively.
Tablebs shows that the maximum force of contraction developed by each
group of hearts was related to the different perfusate Ca concentrations.
Furthermore a comparison of the CW and CNW hearts indicated no signifi-
cant difference in maximal contractile force achieved at the four per-
fusate Ca concentrations.
b. Rate of restoration of contractile force
The rate of restoration of contractile force in CW and CNW hearts
previously depleted of Ca varied directly with the perfusate Ca concen-
tration as shown in Table 4. It should be noted that in both groups of
hearts, (CNW and CW), the rate of restoration of contractile force did
not increase further at the perfusate Ca concentration above 5.0 mEq/1.
In comparing the rates of restoration of contractile force between CW
and CNW hearts, no significant differences were observed at any perfu-

sate Ca concentration.

2. Kinctics of Ca uptake into compartment two (Caz)

Three parameters were usced to describe the kinetics of Ca uptake
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TABLE III
The Effect of Different Perfusate Ca Concentrations (1.25, 2.5, 5.0

and 10.0 mEg/1l) on Maximum Contractile Force in CW and CNW Hearts.

CONTRACTILE FORCE
(g)

Perfusate [Ca] (mEq/1)

Treatment 1.25 9.5 5.0 10.0
X
1.1 fo.9 4.1 To.8 8.2 ¥ 2.0 13.6 = 6.4
CNW (3 (4) (8) (3)
- 2.8 Y11 112.0 ¥ 1.0 12.4 = 2.2
cw (4) (4) (3)

Number in parentheses indicates number of hearts

* Mean - S.E.



TABLL IV

The Effect of Diffecrent Perfusate Ca Concentrations on the Rate
of Restoration of Contractile Force in CW and CNW Hearts.

RATE OF RESTORATION OF CONTRACTILE FORCE

(g/sec)

Perfusate [Ca] (mEq/1)

Treatment 1.95 2.5 5.0 10.0
*
0.10 = 0.02 0.20  0.06 0.23 ¥ 0.07 0.15 = 0.06
CNW (2) (4) (6) (3)
- 0.23 < 0.1 0.67 ¥ 0.30 0.66 ~ 0.34
CW (3) (4) (4)

Number in parentheses indicates number of hearts

* Mean h S.E.



Figure 6a: The effect of increment in perfusate Ca concen-
trations (1.25, 2.5, 5.0, 10.0 mEg/1) on the
restoration of contractile force in Ca~depleted
hearts (Group CNW).
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Figure 6b: The effect of ouabain and increments in perfusate
Ca concentrations (1.25, 2.5, 5.0, 10.0 mEq/1) on
the restoration of contractile force in Ca-deple-
ted hearts (Group DNW). '
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Figure 7a: The effect of different perfusate Ca concentra-
tions on the restoration of contractile force

in Ca~depleted hearts (Group CW) after a Ca-
free wash betwecn each Ca uptake.
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Figure 7b: The effects of different perfusate Ca concentra-
tions (ouabain-treated) with a Ca-free wash be-
tween each Ca uptake, on the restoration of con-
tractile force in Ca-depleted hearts (Group DW).



- 34 -

K.H. prior K.H. with ‘_‘Q_ﬁ__‘ Gas 30 min
to Ouabain Oudabain
30 min
15 gj] Rz .
Ca-free Wash \Gcsl ‘ Ca Uptake 1 with Cuabain ‘

[Cal=5.0 mEg/1

]59]

\ Gas Ca-free Wash Gas

\ Ca Uptake 2 with Ouabain ‘_l Gas | Ca-free Wash
[ca] =2.5 mEq/!

15 g] s
Gas Ca Uptake 3 with Ouabain
[Ca]=10.0mEq/!
g s e P uin st apmnnai

‘Gcs ‘ Ca-free Wash |Gas! Ca Uptake 4 with Cuabain
[Ca] =125 mEq/l




into Caz. These parameters have been derived in the methods scction,
and arec as follows: a. Half-time for the approach to stcady statc by
the Ca uptake, b. Rate of accumulation of Ca by Ca2, and ¢. Total Ca
content of Caz.

a, Half-time

A comparison of the half-times for the uptake of Ca into Caz to

approach a steady state in CW and CNW hearts is shown in Table 5. A sig-
nificant difference between the CW and CNW hearts was recorded only at
the 5.0 mEg Ca/1l. Further comparison on a group basis suggests a trend
towards an extended half-time in the CW group which may implicate the Ca-
free wash.

b. Rate of Ca accumulation by Ca

2

The rate at which Ca was accumulated by Ca_ at the four perfusate

2
Ca concentrations is presented in Table 6. Both the CNW and CW hearts
exhibited rates of Ca uptake which increased progressively with the per-
fusate Ca concentration. The sha?p increase in rate of Ca uptake at the
10.0 mEq/1 in both groups of hearts is difficult to reconcile with the
contractile force data which are relatively level at perfusate Ca con-
centrations above 5.0 mEg/l. Although there were no significant diff-
erences between the CW and CNW hearts at any perfusate Ca concentration,
the rate of Ca accumulation in the CNW hearts was greater than that of
the CW group at the first three perfusate Ca concentrations.
c. Ca content of Ca

2

Table 7 compares the Ca content of Ca_ measured after perfusion

2
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TABLE V

The Effcct of Different Perfusate Ca Concentrations on the Half-time of
Ca Uptake into Ca2 to Approach Steady State in CW and CNW Hearts.

HALF~-TIME (sec)

Perfusate [Ca] (mEq/1)

Treatment 1.25 2.5 5.0 10.0
*
3.9 % 6.3 24.8 £ 9.6 23.5 % 9.4 19.6 ¥ 2.0
CNW (7) (10) (x0) (6)
+ + T +
_ 27.4 ¥ 5.7 32.8 L 2.6 25.6 + 2.4
CwW (6) (6) 7)

Number in parentheses indicates number of hearts
+
* Mean - S.E.

+ Significant difference P< 0.05
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TABLE VI

The Effect of Diffcrent Perfusate Ca Concentrations on the
Rate of Ca Accumulation into Ca2 in CW and CNW Hearts.

RATE OF Ca ACCUMULATION (mEq/Kg/sec)

Perfusate [Ca] (mEq/1)

Treatment 1.25 2.5 5.0 10.0

0.015 £ 0.003 0.047 ¥ 0.020 0.068 £ 0.010  0.147 % 0.030
CNW (5) (7) (7) (6)

0.004 = 0.002 0.026 ¥ 0.004 0.043 = 0.000  0.249 ¥ 0.100
Ccw (2) (5) (5) (5)

Number in parentheses indicates number of hearts

* Mean ha S.E.
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TABLE VII

The Effect of Differcnt Perfusate Ca Concentrations
on the Ca Content of Ca2 in the CW and CNW Hearts.

Ca2 CONTENT (mEq/Kg TISSUE WET WEIGHT)

Perfusate [Ca] (mEq/1)

Treatment 1.925 2.5 5.0 10.0
%
0.91 £ 0.15 2.15 * 0.41 4.64 ¥ 0.86 5.60 ¥ 1.60
CNW (7) (10) (10) (6)
- 1.40 X 0.40 3.00 £ 0.42 4.50 ¥ 3.90
Ccw (6) (5) 7)

Number in parentheses indicates number of hearts

+
* Mean - S.E,
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with the different Ca concentrations in the CW and CNW hearts. Progress-
ive increcases in Ca content which correspond with the increasing perfusate
Ca concentrations are cvident in both groups of hearts. A comparison be-
tween the two groups indicated no significant differences in Ca content.
The Ca content reading of 14.50 z 3.90 at the 10.0 mEq Ca/l in the CW
group may be related to the calcium paradox (Zimmerman gﬁ_gi,, 1967, 1966)
which has been shown to occur after prolonged Ca-free wash in rat hearts
(see Discussion). Additional problems were encountered in the analysis

of the quantity of Ca taken up by Ca2 of the CW hearts; consequently there
are no reliable data available from the 1,25 mEq Ca/l perfusate of the CW
hearts,

B. The Effect of Ouabain in the Ca Perfusates, and its Effect on

Contractile Force and Ca Kinetics of Caz.

1. Contractile force

a. Maximum contractile force

As with the two groups of control hearts, (CNW and CW), maximum
levels of contractile force in the corresponding groups of ouabain-treated
hearts (DNW and DW) were measured after each reperfusion of Ca concentra-
tion. Similar comparisons were done to determine the rate of restoration
of contractile force under the influence of ouabain (Fig. 9b).

Figures 8a and 8b show a comparison between the maximum levels of
contractility achieved by the ouabain-treated (DW and DNW) and those at-
tained by the control (CW and CNW) hearts. When compared with the appro-
priate control groups both the DW and DNW hearts demonstrate a PIE, al-

though this PIE was not statistically significant. The lack of a signi-



- 40 -

ficant effect of ouabain on contractility may be attributed to the great
variance in the data becausc of the wide range of contractile force (5 ~
40 grams) consistently observed during the experiments. A comparison of
contractile force between the DW and DNW groups reveals no significant
differences which may reflect a lack of effect of Ca-free wash prior to
each ouabain perfusate (DW) on the contractile force of the kitten heart.

It is of interest that the groups of ouabain-treated hearts follow
the same pattern of restoration of contractile force (Figs. 8 a and b) as
the two control groups in that the maximum contractile force increases
very little at perfusate Ca concentrations above 5.0 mEq Ca/l.

b. Rate of restoration of contractile force.

The rate of restoration of contractile force was computed for both
DW and DNW hearts, and the results are shown in Figures 9a and 9b with the
control values. Both groups of ouabain treated hearts demonstrated con-
sistently higher rates of restoration of contractile force than their
corresponding control groups. Statistical significance p <0,05 is record-
ed only in comparing the CW hearts with the DW hearts at the 2.5 mEq Ca/l
perfusate. This increased rate of return of contractile force in ouabain
treated hearts agrees with fthe findings of Bailey and Sures (1971). Al-
though, there are no significant differences in rate of restoration of
contractile force between the DW and DNW groups, the data points of the
DW hearts are always above the level of the DNW hearts (Fig. 9b). This
finding may suggest an enhanced effect of ouabain in hearts initially de-

pleted of Ca.



Figure 8a:

Figure 8b:

The effect of perfusate Ca concentration on the
maximum contractile force achieved in CNW hearts
(0--~-0) and CW hearts (@——@).

The effect of ouabain on maximum contractile force
in DNW hearts @J ----TJ) and DW hearts (GF——r-~F -

when perfused with different perfusate Ca concen-

trations.
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Figure 9a:

Figure 9b:

The effect of different perfusate Ca concentra-
tions on the rate of restoration of contractile
force in CNW hearts (0----0) and CW hearts
(6—»0).

The effect of ouabain on the rate of restoration
of contractile force in DNW hearts ({§ ----L1J) and
DW hearts (Fle—FF) at different perfusate Ca
concentrations.
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Somec inconsistency is noted when each of the ouabain treated groups
is compared separately for effects due to Ca concentration., Readings for
the DNW group appear to be related directly to the Ca concentration in the
perfusate with the exception of the extreme value of 0.85 g/sec at the
1.25 mEq Ca/l perfusate., A survey of the DW hearts (Fig. 9b) shows no
consistent trend between rate of restoration of contractile force and per-
fusate Ca concentration.

2. Kinetics of Ca uptake into Caz

As with the control hearts, the three parameters describing the up-

take of Ca into Ca2 were investigated after treatment with ouabain,
a. Half-time

Table 8 presents the data for the half-times of both the control
and ouabain exposed hearts. In the DNW group, with the exception of the
10.0 mEq Ca/1 perfusate, there is little effect of different Ca perfusate
concentration on half-time of Ca uptake. In the DW group, the data are
too inconsistent to suggest an influence of the perfusate Ca concentration
on half-time. Comparison between the DW and DNW groups at 2.5 mEg/1 and
10.0 mEq/1 shows prolonged, but not statistically significant half-time
for the DW group. As mentioned previously the half-time of the CW hearts
at 5.0 mEgq Ca/l was significantly (p <0.05) prolonged over its correspond-
ing CNW group.

Bailey and Sures (1971) found an increased rate of Ca uptake in the
presence of ouabain, it is not unreasonable to postulate a shorter half-
time in the prescnce of ouabain. A comparison of the half~times of the

DW and DNW hecarts with their proper controls reveals no significant diff-

erence in half-time values.
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TABLE VIII

The Effcct of Ouabain on the Half-time of Ca Uptake into Ca

in Hearts Perfusced with Different Ca Concentrations. 2
HALF-TIME (sec)
Perfusate [Ca] (mEq/1)
Treatment 1.25 2.5 5.0 10.0
*
34.9 % 6.3 24.8 L 2.6 23.5 =~ 2.4 19.6 ~ 1.9
CNW ) 10) (10) (6)
+ + T +
- 27.4 = 5.7 32.8 - 2.6 25.6 - 2.4
cw (6) (6) 7)
24.2 % 3.9 24.0 % 3.5 23.8 + 3.0 16.1 = 1.8
DNW 7) (8) (8) (4)
- 27.9 ¥ 4.8 16.6 + 2.9 32.6 < 6.4
DW (5) (4) (6)

Number in parentheses indicates number of hearts
* Mean : S.E.

T Significant at P <0.05 between CW and CNW hearts
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b. Ratec of Ca accumulation into Caz

Data describing the rate of Ca accumulation into Caz arc presented
in Table 9 and Fig. 10. Each of the four groups of hecarts CNW, Cw, DNW
and DW has one characteristic feature; within cach group the rate of Ca
accumulation is dependent on perfusate Ca concentration. These data sup-
port the increasing Ca content of each group which is also related to per-
fusate Ca concentration (see Table 10). There are no significant effects
on rate of Ca accumulation due to ouabain in DW or DNW hearts. This is
in contrast with the findings of Bailey and Sures (1971) who reported a
significant increase in rate of Ca accumulation due to ouabain at the 5.0
mEq/1 perfusate. Similarly, there is little effect on Ca accumulation
attributed to the Ca~free wash in either control or ouabain-perfused
hearts,

c. Ca content of Ca2

Data describing Ca content of Ca2 are organized in Table 10. An
increase in Ca content in Ca2 which is dependent on the perfusate Ca con-
centration is recorded in both of the ouabain-treated groups (DW and DNW).

The Ca content of the DW hearts at the 10.0 mEg Ca/l was nearly as
large (13.23 mEq/kg) as the Ca content value of its control group. This
consistent elevation in Ca content in both washed groups after perfusion
with high Ca concentration suggest that the Ca-frece wash interpolated be-
tween each uptake perfusate in the DW hearts has in some way effected the
uptake of Ca. The relation of these findings to the "Ca paradox' will be
elaborated in the Discussion. A comparison of the ouabain-treated hearts

with their appropriate controls at all perfusate Ca concentrations indicated



Figure 10a: The effect of different perfusate Ca concentra-
tions on the rate of Ca uptake into Ca2 in CNW
hearts O~---0 and CW hearts Ge—=¥8.

Figure 10b: The effect of ouabain on the rate of Ca uptake
in DNW hearts d---- [T and DW hearts
perfused with differenct Ca concentra-
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TABLE IX

The Effect of Ouabain on the Ratce of Ca Uptake into Ca

with Different Ca Concentrations.

RATE OF Ca ACCUMULATION

(mEg/Kg/sec)

in Hearts Perfusecd
(Control Valuecs also Included)

Treatment

1.25

Perfusate [Ca] (mEg/1)

2.5

5.0

10.0

CNW

CwW

DNW

ow

0.015 = 0.010
(5)

0.004 = 0.002
(2)

0.02 ¥ 0.003
(4)

0.015 = 0.002
(2

*

0.047 % 0.020
(7)

0.026 * 0.004
(5)

0.038 % 0.010
(6)

0.027 % 0.010
4)

0.068 * 0.010
(7)

0.043 ¥ 0.010
(5)

0.044 % 0.010
(6)

0.118 * 0.030
(5)

0.147 % 0.030
(6)

0.249 % 0.100
(5)

0.098 % 0.010
(6)

0.151 ¥ 0.040
(5)

Number in parentheses indicates number of hearts

* Mean : S. E.



The Effcct of Ouabain on the Ca Content of Ca
with Differcnt Ca Concentrations.

Ca CONTENT OF Caz
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TABLE X

in Hearts Perfuscd
(Control Values also Included)

(mEq/Kg TISSUE WET WEIGHT)

Perfusate [Ca] (mEq/1)

Treatment 1.25 2.5 5.0 10.0
0.91 = 0.15 5.15  0.41 4.64 £ 0.86  5.60 T 1.60

CNW ) (10) (10) (6)
- 1.40 ¥ 0.40 3.00 £ 0.42 14.50 ¥ 3.90

cw (6) (5) 7)
1.318 * 0.30 2.00 + 0.27 2.81 % 0.62  3.22 T 1.31

DNW 7) (8) (8) (3)
- 1.02 ¥ 0.60 4.19 21,926 13.23 % 3.98

DW (6) 4) (6)

Number in parentheses indicates number of hearts

* Mean - S.E.
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no significant increcasc in the Ca content of Caz in thc prescnce of ouabain.
d. Ca content derived from a one-compartment analysis

While no significant differences were recorded between the Ca con-
tent of Ca2 in ouabain-treated and control hearts, in the present inves-
tigation, Bailey and Sures (1971)noted a significant difference in Ca con-
tent using a monoexponential analysis of the Ca uptake. Present data for
Ca content of DW and CW hearts at 5.0 mEg Ca/l were re-analyzed using a
one~compartment analysis. No significant difference was recorded between
the Ca content in ouabain—freated hearts, 3.48 : 0.60 mEq/kg, and control
hearts, 2.43 A 0.65 mEq/kg. However, both values compare favourably with
the Ca content readings of 2.01 I 0.19 mEq/kg for control hearts and 2.96
ki 0.26 mEq/kg for ouabain-treated hearts as reported by Bailey and Sures,
(1971).

3. Correlation of Contractile Force with Ca uptake

Coefficients of correlation comparing Ca uptake with contractile
force were determined for all four groups of hearts CW, CNW, DW and DNW,
at perfusate Ca concentrations of 2.5, 5.0 and 10.0 mEq Ca/l. With one
exception, all of these correlation analyses had a coefficient of corre-
lation of 0.90 or grecater. These findings are in agreement with the co-
efficient of correlation value of 0.93 for hearts perfused with 5.0 mEq Ca/1,
determined by Bailey and Sures, (1971).

A comparison using analysis of covariance (Ancova) of the three DNW
vs CNW correlation graphs (Fig. 11), indicated a significant (P <0.05) dis-
placement of all three DNW lincs above the corresponding control lines, due

to the treatment effect of ouabain. Howcver, this significance must be



Figure 11: A comparison of the correlation coefficients (Ca
uptake of Ca_ vs contractile force) of DNW hearts
(3 ----12) afid CNW hearts (0----0) at three per-
fusate Ca concentration values.
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interpreted with some caution, Yor the Ancova analysis to be entirely
valid, the slopc of both lines in question should be parallel. As there
was no other suitable analysis available to comparc onc coefficient of
correlation with another, it was felt that this method would at least
yield some indication of the influences of ouabain on the combination of
Ca uptake and contractile force. The same analysis was used to compare
the CW and DW correlation coefficients and no significant differences were
found which could be attributed to ouabain treatment.

C. The Effect of Perfusate Ca Concentration and Ouabain on the Ca Kinetics

of CaTr

1. Ca uptake kinetics into Ca

Tr

Considering the data for Ca there is an absence of information

Tr’

for both the DW and CW groups. A common feature of both of these groups
was the Ca-free wash which may be responsible for the inability to detect

Ca However, at present, there is no further evidence to support this

Ty
speculation.

A complete description of the Ca kinetics of CaTr should also in-
clude some analysis of the contractile force recordings. However, Ong
(Ph.D. Dissertation) has demonstrated that there is no linear relation-
ship between the Ca uptake into CaTr and the restoration of contractile
force. Therefore, only the three parameters of Ca kinetics previously
discussed will be described for the CNW and DNW groups.

a. Half-time
Half~times for Ca uptake to approach steady state into CaTr are

shown in Table 11, Values at three perfusatc concentrations (1.25, 2.5

and 5.0 mEq Ca/l) for both groups of hearts did not differ significantly



TABLE XI

The Effcct of Ouabain on the Half-time of Ca Uptake into Cq
in DNW Hearts, plus the Control Values of CNW Heoarts.

HALF-TIME (sec)

Perfusate [Ca] (mEq/1)

Treatment 1.25 2.5 5.0 10.0
*
4.8 Y 0.5 5.4 ~ 0.9 3.5 £ 0.4 -
CNW 4) (7) (2)
6.9 T 1.3 3.4 1.1 6.5 1.7
DNW (5) (3) (3)

Number in parentheses indicates number of hearts

* Mean X S.E,



from the previously reported value of 5.6 scconds (Ong, Ph.D., Disscrtation).
Thus, there appears to be little effect of perfusate Ca concentration, or
ouabain on the half-time values of CaTr.
b. Ca content
The results of increasing Ca perfusates and ouabain on the Ca con-
tent of CaTr are outlined in Table 12, There is a sequential increase in
Ca content which corresponds with the increasing perfusate Ca concentra-
tions in both the DNW and CNW groups. A further comparison between these
two groups revealed no significant effect of ouabain on the Ca content of
CaTr.
c. Rate of Ca accumulation
The rate of Ca accumulation in CaTr by the CNW and DNW hearts is
shown in Table 13 and Fig. 12, Both of these groups exhibited an increase
in the rate of Ca accumulation that was dependent on perfusate Ca concen-
tration. This progressive increase in accumulation corresponds with the
sequential elevation of Ca content in CNW and DNW hearts as the perfusate
Ca was increased. Of greater importance to the present experimental ob-
jectives is the finding of a consistent increase in the rate of Ca accumu-
lation into CaTr in the ouabain-treated hearts (DNW) at each perfusate Ca
concentration., Lack of statistical significance is explained by the in-

clusion of some apparent outlier data points which increased the measure

of variance in the analysis substantially,



TABLE XII

The Effcct of Ouabain on the Ca Content of Ca - in
DNW Hearts, plus the Control Values of CNW Iiearts.

Ca CONTENT OF CaTr (mEq/Kg TISSUE WET WEIGHT)

Perfusate [Ca] (mEq/1)

Treatment 1.25 2.5 5.0 10.0
*
0.19 £ 0.10 0.33 * 0.06 1.69 Y 1.1 -
CNW (4) 7 (2)
0.50 = 0.34 0.64 = 0.17 0.94 % 0.32
DNW (5) (3) (3)

Number in parentheses indicates number of hearts

* Mean : S.E,



Figure 12: The effect of ouabain on the rate of Ca accumulation
into Ca,,  in DNW hearts (B ----) compared with
CNW hear%s (0----0) at three perfusate Ca concentra-
tions.
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TABLE XIII

The Bffect of OQuabain on the Rate of Ca Accumulation into
Ca, in DNW Hearts, plus the control valucs in CNW Ilearts.

Tr
RATE OF Ca ACCUMULATION (mEq/Kg/sec)
Perfusate [Ca] (mEq/1)
Treatment 1.25 2.5 5.0 10.0
*

+ + +
0.006 - 0,001 0.020 - 0.006 0.033 - 0.007 -

CNW (4) 7) (2)

0.035 = 0.01  0.036 ¥ 0.006 0.050 * 0.020
DNW (5) (3) (3)

Number in parentheses indicates number of hearts

* Mean A S. E.



SECTION IV

DISCUSSION



A, Prcliminary Considerations

1. The gas-perfused kitten heart

The merits and disadvantages of the gas-perfused heart have been
discussed in a number of previous papers (e.g., Gabel et al. 1966, Bailey
and Dresel, 1968). The favourable aspects of this preparation include
the elimination of the vascular component of the perfusate, plus a con-
venient method of changing from one perfusate to another. The major draw-
back is found in the non-physiological conditions forced upon the heart
and the attempt to extrapolate such data to the organ in vivo.

2. Ca-free wash and the ''Ca paradox'

The Ca-free wash is also non-physiological, however, it does serve
to eliminate back-flux of Ca during a Ca-free wash. A variety of side
effects referred to as the '"Calcium paradox" (Zimmerman et al.1966,
Bielecki, 1969), have been associated with Ca~free wash in rat hearts.
Very simply, these side effects involve the deterioration of electrical
and mechanical activity of the rat heart, plus some cell destruction.
Ong, (Ph.D. Dissertation) has questioned the presence of the Ca paradox
in the kitten heart; because the duration of her Ca~free wash was much
briefer than the period of time suggested by Zimmerman et al., (1967),
to cause the ''Ca paradox'. In addition, Bielecki (1969), has suggested
a minimum requirement of 3 minutes of Ca-free wash to cause the ''Ca para-
dox'". However, the total duration of Ca-free washes in the present study
averaged between six and cight minutes. Therefore, despite the qualifi-

cations of Ong (Ph.D. Disscrtation), it is believed that the 'Ca paradox' is
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responsible for some of the unexpected findings in the current preparation.
For example, unusually high Ca content readings at the 10.0 mEq Ca/l.

3. Analytical procedurcs - employment of best-fit Ca uptake curves

With regard to the Ca uptake data, the employment of best-fit Ca
uptake curves requires some justification. When the experimental uptake
data points were subtracted from the experimental asymptote value and
plotted as washout curves, it was noticed that increased error margins
were generated as the uptake values approached the asymptote. This was
due to the expanded scale of the semi-log paper in the lower portion of
the plotted washout curve., That is, small deviations from a smooth curve
as the uptake approaches the asymptote became disproportionately larger

when the difference (asymptote ~ Ca,, portion of the uptake curve) was

T

plotted on the expanded scale as a washout curve. Therefore, to minimize
this generated error, it was decided to introduce best-fit curves and
fix the asymptotes at 0.05 units above the highest Ca concentration reading.

B, Effect of Ouabain, Ca-Free Wash and Ca Perfusate Concentrations on

the Ca Kinetics and Contractile Force of CaTr and Ca2

1. Ca kinetics of Ca

Tr

Ong, (Ph.D. Dissertation), has demonstrated no linear correlation
between the restoration of contractile force and the rate of Ca accumu-

lation into CaTr' Therefore, rather than deal with contractile force,

discussion will emphasize the Ca kinetics of CaTr of which there are three

noteworthy aspects. firstly, an increase in rate of Ca accumulation into

CaTr in the presence of ouabain, seccondly, little change in Ca content of

CaTr in the presence of ouabain, and finally, the absence of data for the



Ca kinetics of CaTr in the presence of a Ca-frece wash in both DW and CW
hearts.
a. Increased rate of Ca accumulation into CaTr

The rate of Ca accumulation into CaTr was consistently elevated at
each perfusate Ca concentration in the DNW hearts compared with the CNW
hearts. Most of the differences were on the verge of being statistically
significant at P <0.05 level. The importance of this finding is appre-
ciated when the current data are compared with the findings of Bailey and
Sures (1971). From their research, it appears that the PIE due to ouabain
occurs in the presence of an increased Ca uptake into Caz. This discrep-
ancy is difficult to reconcile, however, it may be due to different analy-
tical techniques of Ca uptake employed by Bailey and Sures (1971), as
opposed to the mathematical analysis of the present investigations. With
reference to the investigations of Bailey and Sures (1971), the Ca uptake
analysis was based on a monoexponential uptake curve which did not dis-
tinguish between CaTr and Caz. In contrast, the current analytical tech-
niques utilized a less biased graphical analysis of the Ca uptake curve

which was capable of delineating two Ca compartments (Ca and Caz).

Tr

Therefore, it is not improbable that the increase in rate of Ca accumula-

tion is occurring in Ca and it may be only because of the nature of the

Tr’

previous analytical method that Ca uptake into Ca was not identified by

Tr
Bailey and Sures (1971).
It was hoped that the re-analysis of our Ca content data at the

5.0 mEq Ca/1 as a monocxponential curve (Methods 3b and Results 2d) might

show a significant difference between the ouabain-treated and control
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hearts. Had that been the case, it would have made a morc convincing ar-
gument to suggest that the significance attributed to ouabain by Bailcy
and Sures (1971), was actually an artifact due to the monoexponential an-
alysis. Having recorded no significant difference in our re-analysis, we
can only speculate that the single compartment analysis was at fault.

b. Constant levels of Ca content in CaTr in the presence of ouabain

A secondary finding related to the increased rate of Ca accumula-

tion into CaTr in the presence of ouabain is the consistency of the Ca
content readings. This may be explained through the following scheme:
Bailey and Dresel (1968), have demonstrated a logarithmic relationship
between Ca content of Caz and contractile force under normal conditions.
This implies that a constant portion of Ca is released from Caz to com-
plete the E-C coupling circuit. In addition, Ong (Ph.D. Dissertation),
has described a "trigger' pool of Ca which is necessary to initiate re-
lease of Ca from Caz. To produce a PIE, it is logical that more Ca must
be released from Ca2 to complete the E-C coupling process and account for
the extra strength of contraction. There are three possible mechanisms
for this to occur, firstly, an increase in Caz content with no accompany-

ing effect on Ca secondly, no change in Ca2 but an increase in Ca or

Tr’ Tr

finally a combination of the two. Therefore, more Ca should be released
from CaTr to initiate the release of the additional Ca from Caz which is
necessary for the PIE. Under these conditions, the Ca content of Caz and

CaTr may or may not remain unchanged even in the presence of an increased

turnover of Ca in CaTr. This would produce an apparent increase in the



rate of Ca uptake into CaTr and an incrcased cfflux from CaTr without af-
fecting the Ca content of this pool. Such a scheme is reminiscent of the
early cxperiments of Holland and Sekul (1959).

c., Abscnce of CaTr kinetics data in the presence of a Ca-free wash

In both the CW and DW hearts there was a conspicuous absence of a
contribution to Ca uptake by CaTr. In the light of current investigations,
we can only speculate as to the reason for this lack of CaTr kinetic data.
The simplest possibility may be that we are dealing with a one compartment
uptake system as described by Bailey and Sures (1971). However, if one
considers the Ca uptake kinetics data obtained by Ong (Ph.D. Dissertation),
plus most ef the data from the present project, it appears that we are
dealing with a Ca uptake system comprised of at least two compartments.

One possible explanation is the shortcoming of the present tech-
nique; especially the collection of the effluent samples. Important
changes may be occurring in the Ca concentration of the effluent over
shorter periods of time than the six second collection interval, which

might otherwise be analyzed as Ca kinetic data in the 1.25 Ca perfus~

Tr
ates. Another source of crror may be the accuracy of the Ca concentra~
tion measurements in the effluent. Even with the utilization of best-
fit Ca uptake curves, there may still have been enough error present to
obliterate that portion of the slope which corresponds to CaTr. This is
especially true when one considers that the best-fit Ca uptake curves

were drawn with the use of french curves which do not entirely eliminate

the element of human bias.



Perhaps the most logical cxplanation for lack of CaTr kinectics data
in the washed hearts involves the possible back-flux of Ca from a parti-
ally depleted Ca compartment after the Ca-free wash. The Ca-frece wash was
sustained only until contractile force decayed to one gram or less which
means that substantial stores of Ca may have remained in Caz. With this
in mind, during the first few seconds of Ca reperfusion in the CW and DW
heart, the concentration gradient for Ca may be such that some of the in-
tracellular Ca may have back-fluxed out of the tissue and contributed

enough Ca to the Ca uptake to mask the Ca component of the Ca uptake

Tr

curve,

2. Contractile force and kinetics of Ca

2

a. Contractile force related to Ca2
i, Maximum levels of contractile force

A consistent trend in all four groups of hearts (CNW, CW, DNW, DW)
was a relative levelling of contractile force recordings at perfusate Ca
concentrations above 5.0 mEq/l, despite a continued increase in the accu-
mulation of Ca even at the 10.0 mEq Ca/l perfusate. Dresel, (personal
communication) has suggested that the Ca concentration at which maximal
contractile force is achieved is in part dependent on the nature of the
bathing solution. In Hepes solution, maximal contractile force is achiev-
ed at a Ca concentration of 10.0 mBEg/1 while the same Ca concentration in
K-H solution may cause a transient increase in contractile force which
tends to diminish with prolonged perfusion. It has also been reported
that Ca at concentrations of 7.5 mEg/1 and greater, in K-H solution, tend

to precipitate and form micro-crystals of Ca (Drescl, personal communica-
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tion). In addition, Young (1968), has suggested that Ca phosphatc micro-
crystals may obstruct the coronary vessels of the heart, which could re-
sult in tissue damage and a disruption of the contractile process.

This background allows for at least threec possible explanations
for the lack of increase in contractile force at perfusate Ca concentra-
tions above 5.0 mEq Ca/l, in the presence of a sustained Ca uptake. First,
a portion of accumulated Ca may be involved in the E-C coupling process.
However, some of it may also be going directly from the perfusate solution

into the intracellular storage compartment Ca (Ong and Bailey, 1972),

ITX
or it may become involved with organelles such as mitochondria. This
would explain the continued uptake of Ca after maximal contractility had
been achieved. Second, in view of the fact that micro-crystals of Ca will
block the coronaries and disrupt contractile force, plus the fact the 10.0
mEq Ca/l is within the range at which Ca will form the micro-crystals in
K-H solution, it is not unreasonable to suggest that the levelling of con-
tractile force was due to the structural disruption attributed to micro-
crystals of Ca in the 10.0 mEg Ca/l1 perfusate solution. Finally, Ca in
the form of micro-crystals is not available for the E-C coupling process.
ii. The rate of restoration of contractile force

The rate of restoration of contractile force was greater in both
groups of ouabain-treated hearts (DW, DNW) than in the corresponding con-
trol hearts (CW, CNW). 1In the presence of a PIE, this observation was not

unexpected. However, the increase in rate of return of contractile force

should be explained in terms of the current Ca kinetics data and in view
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of the two-compartment model (Ca trigger pool, and Caz maintenance pool)

Tr
proposed by Ong and Bailey (1972). Keeping in mind the logarithmic rela-
tionship between Ca content and contractile force, Bailey and Dresel (1968),
which requires a proportional releasc of Ca from Ca2 to support the con-
tractile response, an increase in the rate of rise of contractile Torce
should be sustained by a concomitant increasc in the exchange of Ca be-
tween Ca2 and the CM. With reference to the 'trigger pool' model of Ong
and Bailey (1972), an increase in the exchange of Ca between Ca2 and the

CM need not require an increase in the content or rate of accumulation of
Ca into Caz. The logical requirement is an increase in the stimulation

of Ca2 to promote the exchange of intracellular Ca with the CM. Such sti-
mulation may well be supplied by an increased exchange of Ca between CaTr
and Ca2 which the current data appear to support. Data for the Ca kine-

tics of CaTr indicate an increased uptake of Ca yet a constant Ca content,

which implies an increase in the efflux of Ca from Ca According to the

Tr'
plan of Ong and Bailey (1972), this should yield an increased exchange of
Ca between CaTr and Ca2 with a subsequent increased stimulation of release
of Ca from Caz which would interact with the CM and complete the E-C coup-
ling for the PIE. This explanation satisfies the increased rate of con-
tractile force restoration in the presence of ouabain based on the Ca ki-
netic data of this study.
b. Ca kinetics of Caz
i, Half-time of Ca2

There are two noteworthy ohservations in the data for the half-time

of Caz in control and ouabain-trcated hcarts. First, the half-time valuecs



for Caz at most of the pcrfusato concentrations in both CW and CNW hearts
arc significantly less (P <0.05) than the value of 46 scconds rcported at
the 5.0 mEq Ca/l by Ong, (Ph.D. Disscrtation). Secondly, therc appears

to be very little influence of ouabain on the half-time of Ca2 in cither

of the ouabain~treated groups.

Explanation for the initial observation regarding a discrepancy be-
tween present half-time values and those reported by Ong, (Ph.D. Disserta-
tion), may be dependent on pH changes in the perfusate medium once it en-
ters the heart. The only major difference in technique between Ong's pre-
paration and the present one is the use of Hepes solution for a buffer
rather than the present use of K~-H solution. Studies are available
(Bielecki, 1969; Lorkovie, 1966), which suggest that in an acidic bathing
medium the transport of Ca across the membrane of the cardiac muscle cell
is impeded, in all likelihood due to some competitive mechanism between
Ca and H ions for the transport system available. Ong (Personal Communi-
cation) has determined that the pH of K-H solution decreased to 6.3 after
perfusion through the heart. A similar acidification may occur in Hepes
solution as outlined below.

Hepes solution is a weak acid with a pKa of 7.4 and does not require
continuous equilibration with 5% C02 to maintain a pH of 7.4. However, in
3 mM Hepes as employed by Ong and Bailey, (1972), thec buffering effect is
small. Thus, it is entirely possible that Hepes solution may become more
acidic in composition after being perfused through the heart, and so con-
tribute more frec H ions to the perfusate medium. If such is the casec,

then the prolonged half-time values reported by Ong (Ph.D. Disscertation),
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may be duc to an incrcased [H+] in the Hepes solution which could compete
with Ca for cntry into the cell,

The abscnce of any effect of ouabain on the half-time values for
Caz is in accord with the findings of Bailey and Sures (1971). This find-
ing also corresponds with the lack of effect of ouabain on the other Ca
kinetic parameters (Ca content, and rate of accumulation of Ca into Caz).
Any interpretation of these unchanging half-time values in terms of perme-
ability change or carrier transport is purely speculative. Because the
half~time for the extraction of Ca from the perfusate represents a rate
constant for the approach of Ca uptake to a steady state, Bailey and Sures
(1971), it may be indicative of changes in permeability or Ca-carrier mo-
bility. Unfortunately, the half-time value does not afford a distinction
between these two transport systems and so, on the basis of unchanging
half-time values one may only suggest that ouabain did not effect the per-
meability and/or the mobility of éa carriers for Ca2.

ii. Ca content of Caz

Common to all four groups of hearts (CW, CNW, DW, and DNW) was the
dependence of the Ca content of Ca2 on the perfusate Ca concentration.
Neither the Ca-free wash, nor ouabain exerted any significant effects on
the Ca content of Caz, which is contrary to the research of Bailey and
Sures (1971), who reported an increase in Ca content in ouabain-treated
hearts.

The absence of effcct of ouabain on the Ca content of Ca2 may be

explained by the scheme already postulated for the Ca kinetics of the sys-

tem. On the assumption that there is an eclevated efflux of Ca from CaTr’
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this Ca can stimulate the relcasc of intracellular stores of Ca from Ca2
without being taken up by Caz. On the other hand, if some of the Ca from
CaTr is accumulated by Caz, it should be offset by a concomitant Ca efflux
from Ca2 to support the E-C coupling of the PIE, With either alternative,
in the presence of ouabain, the Ca content of Ca2 need not rise to support
the PIE.

One of the more puzzling findings of the Ca content data are the
two extreme Ca content values reported for both groups of washed hearts
(CW and DW) at the 10.0 mEq Ca/l perfusate. These Ca content values which
are greater than the original perfusate concentration were repeatedly ob-
served, and so cannot be treated as outlier data points. The simplest
explanation is the '"Ca Paradox", Zimmerman et al., (1966, 1967); Bielecki,
(1969), mentioned earlier in the Discussion, because these extreme Ca con-
tent values occurred only after repeated Ca-free washes. It seems logical
that alterations in the integrity of the membrane structure, attributed to
the '"Ca Paradox', may allow huge quantities of Ca to enter the cell from
the Ca perfusate, thus explaining such elevated Ca content readings at the
10.0 mEq Ca/l perfusates.

iii., Rate of Ca accumulation into Caz

Similar to the increase in Ca content of Caz (within each group of
hearts) which was dependent on perfusate Ca concentration; the rate of Ca
accumulation into Ca2 exhibited a similar dependent trend. Neither oua-
bain nor the Ca-frce wash exerted any significant influence on the rate of

Ca accumulation into Caz in any of the groups of hearts,
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This progressive risce in Ca accumulantion corresponding with an in-
crecase in perfusatce Ca concentration supports the data for the other two
parameters of Ca2 kinctics (No effect of perfusate Ca on half~time yet a
progressive increase in Ca content). The unchanging half-time values,
which represent a rate constant for the approach of Ca uptake to steady
state, may indicate no change in either cell permeability or Ca carrier
mobility in relation to the perfusate Ca concentrations. Otherwise, an
increase in either one of the modes of transport could explain the in-
creased Ca content values. This leaves the increase in rate of Ca accu-
mulation as the logical alternative to explain the elevated Ca content
values. If there is no change in either permeability or Ca carrier mo-
bility, then these increasing rates of Ca accumulation at increasing per-
fusate Ca concentrations may suggest that Ca transport into cardiac tissue
is at least partially dependent on simple diffusion which is in turn gov-
erned by the Ca concentration of the bathing medium.

Figures 10a and 10b indicate a dramatic increase in the rate of Ca
accumulation at all four of the 10.0 perfusate Ca concentrations in com-
parison with the uptake rates at lower Ca concentrations. This is espe-
cially noticeable in both groups of washed hearts (CW and DW). Such ex-
treme values require an attempt at explanation. In view of the findings
of Dresel (Personal Communication) that Ca tends to precipitate out of the
K~-H solution at concentrations of approximately 7.5 mEq Ca/l, it is not
unlikely that this precipitation of Ca may be accompanied by some destruc-
tion or alteration of the cell membranc which in turn could allow an in-

creased Ca influx at the 10.0 mEqg/) Ca perfusate. Because this phenomenon
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was also obscrved in hecarts without the Ca-frece wash, the "Ca Paradox'' is
not considered to be a major factor in this augmented rate of Ca influx
at 10.0 mEq/1 Ca perfusatc.

Lack of effect of ouabain on the rate of Ca accumulation into Caz
may be explained with reference to the scheme proposed in the section en-
titled 'Rate of Restoration of Contractile Force'(Discussion 2a ii). As

long as there is an increase in Ca uptake into Ca which yields an in-

Tr’
creased stimulation of the intracellular Ca exchange between Ca2 and the
CM, there is no necessity for an elevation of the rate of Ca accumulation
into Caz in the presence of ouabain.

C. Interpretations of the Influence of Ouabain on DW and DNW Hearts

1. Was there significant effect of ouabain on contractility

The influence of ouabain on contractile force and Ca kinetics in
the present study is open to gquestion. Despite a number of trends in the
data which favoured the ouabain-treated hearts at all perfusate Ca concen-
trations, most of these differences did not reach statistical significance.
On this basis one might suggest that ouabain did not influence either the
contractile force or the Ca kinetics to an appreciable extent. On the
other hand, the next two sections are speculations based on the viewpoint
that ouabain induced an appreciable increase in the level of contractile
force, as well as influencing the Ca kinetics; especially the rate of Ca
accumulation into CaTr'

2. Explanation of Ca kinctics involved with the PIE in terms of a dircct
or indircct cffect of Ca

Speculation about the Ca kinetics associated with the PIE will be
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considered from two points of view:
a. An indirect action of Ca influx on the E-C coupling process
b. A dircct influcnce of incoming Ca on the E~C coupling process

Prior to this a brief gqualification of the data is necessary.

In the presence of ouabain, Bailey and Sures (1971), recorded an
increased rate of Ca accumulation and content in Ca2. Ong and Bailey
(1972), demonstrated that the Caz pool was responsible for the maintenance
of contractility in the kitten heart. Therefore, in the current project,

it was somewhat unexpected to observe an increased rate of Ca accumulation

into Ca in ouabain-treated hearts, while the kinetic parameters of Ca

Tr 2

exhibited no consistent changes under the influence of ouabain. Specula-
tion about this phenomenon will consider both the indirect and direct ac-
tion of influxing Ca on the E-C coupling process in the heart.
a. Indirect effect of Ca on E~C coupling

A model for the indirect invoivement of Ca in the E-C coupling pro-
cess 1s based on the concept of incoming Ca initiating the release of in-
tracellular Ca from a compartment. The Ca so released then completes the
circuit for E~C coupling by interacting with the CM. All of the models
described in the introduction: Niedergerke, (1963a); Langer, (1964, 1965,
1967); Winegrad and Shanes, (1962); Teiger and Farah, (1967); Ong and
Bailey, (1972); Ong and Bailey, (1973); are examples of an indirect action
of Ca in the E-C coupling circuit.

An interpretation of the present data in terms of the above hypo-
thesis requires reference to the scheme proposed in the section entitled

"Rate of Restoration of Contractile Force'. An incrcase in the rate of
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Ca uptake into Ca accompaniced by a constant Ca content implies an aug-

Ty

mented ratce of c¢fflux of Ca from CaTr in the prescence of ouabain. Two

options arc available for the Ca relcascd from CaTr:
It may stimulate the exchange of Ca between Ca2 and the CM without

actually being accumulated by Caz, and thereby support the PIE, or a por-

tion of the Ca released from CaTr may react with structures other than Ca

0
such as a Ca storage compartment (possibly sarcoplasmic reticulum) or
other subcellular organelles such as the mitochondria.

In either instance, the rate of Ca uptake into Ca2 need not be el-
evated in the presence of ouabain. The constant Ca content of Ca2 in the
presence of ouabain is also justified on the basis of the logarithmic re-
lationship (Bailey and Dresel, 1968), which requires a release of Ca from
Ca2 in proportion to contractile force. However, both of these specula-
tions are contingent on an increased uptake of Ca into CaTr as indicated
by our data.

b. Direct effect of Ca on E~C coupling

With regard to the direct action of incoming Ca on the E-C coupling
mechanism, several investigations - Wood et al., (1969); Tritthart, (1973);
Reuter and Beeler, (1969) - have offered evidence to support this possi-
bility. Through the use of voltage clamp experiments and measurements of
Ca influx during depolarization of the muscle cell, it has been suggested
that at least some portion of the influx of Ca stimulated the CM directly.
In light of the present data, the constant Ca content values of both Ca

pools in the prescence of ouabain might be explained by the following scheme.

A portion of the Ca which cnters with membrane depolarization is a trans-
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ient Ca flux which intcracts briefly with both Ca pools (although not
accumulated) prior to its stimulation of the CM. However, a direct ac-
tion of the incoming Ca implies no interference with the pathway of Ca
between the time of influx and the activation of the CM, thus questioning
the validity of this suggestion as it pertains to a compartamental model.

Therefore, in light of the speculations presented thus far, it is
entirely possible that Ca may mediate the process of E~C coupling through
both direct and indirect pathways. However, an indirect pathway involving
intracellular Ca compartments is a more adeguate explanation of the data
in this study.

3. Speculation about the effect of ouabain on Ca carriers

Bailey and Sures (1971), have suggested that ouabain enhances the
influx of Ca in cardiac tissue by stimulating additional Ca carriers in
the membrane which are inactive under normal conditions, rather than
through some action on the membrane permeability or the mobility of nor-
mal Ca carriers. In addition, evidence in support of the presence of Ca
carriers in cardiac tissue is reported by Reuter and Seitz (1968); and
Glitsch et al., (1970).

The effect of ouabain on Ca flux in the present study is open to
conjecturc because the only positive influence of ouabain appecars to have
been an increase in the rate of Ca accumulation into CaTr. In addition,
the lack of effect of ouabain on half~time values suggests that neither
Ca permeability nor the mobility of available Ca carricers was altered.

On the basis of these findings we can only speculatc that ouabain influ-

enced the number of Ca carricrs, rather than their mobility. This proposal
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becomes more justifiable in light of the following cvidence which suggests

that Ca uptake into Ca may be carriecr-mediated.

Tr

Van Breemen and Van Breemen (1969), employing an artificial phos-
philipid membrance have demonstrated the prescnce of facilitated Ca trans-
port which is blocked by La and therefore may be carrier-mediated. Ong
(Ph.D. Dissertation), has reported that La will block the uptake of Ca

into Ca the trigger compartment, while having no effect on Ca2 uptake.

Tr’

Considering that both of these investigations have indicated a common

block in Ca transport due to La, then the transport of Ca into Ca may

Tr

also be facilitated and dependent on Ca carriers. If such is the case,

then an increased rate of Ca accumulation into CaTr may be due to the in-

fluence of ouabain on the proposed carrier-mediated uptake of Ca into CaTr,
namely by increasing the number of carriers, rather than their mobility.

With regard to the rate of Ca accumulation into Ca present data

0
are insufficient to allow any proposed explanation for the lack of effect
of ouabain, except the obvious suggestion that ouabain may not influence
the kinetics of Caz.

D. Consideration of the Correlation Data

1. Qualification of the method

Statistically, a correlation test between two variables must be
viewed with some degree of rcservation. This is explained by the possi-
bility that a high value for the co-cfficient of corrclation may indicate
a direct relationship between the two variables, or it may suggest that
they are related only through a third factor which is common to both of

them (Vivian, Personal Communication). Unfortunately, there is no
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analytical procedurc to distinguish between these two possibilities. With
these qualifications in mind, the correlation data will be considered.

2. A comparison of correlation co-efficients in the CNW and DNW hecarts

An analysis of covariance (Ancova) was employed to determine if
there was a significant displacement of the ouabain-trcated correlation
co-efficient regression line above the corresponding control. Statisti-
cal values from this Ancova test indicated that there was a significant
(p <0.05) displacement of the ouabain line above the controls at all three
perfusate concentrations, This significance must be interpreted cautious-
ly, because in order for such an analysis to be entirely valid the slopes
of the lines under comparison should be parallel. This was not always
the case in the present group of comparisons.

Despite this qualification, if one attaches some significance to
these correlation findings, then further speculation about the PIE and
E-C coupling is warranted. Had there been a concomitant increase in the
rate of Ca accumulation into Ca2 with the PIE, one would have expected a
shift of the ouabain line above, and to the right of the control line, to
account for the added Ca uptake. Comparison of the present data indi-
cates a displacement of the ouabain line directly above the control, with
little shifting towards the right which suggests an increase in contrac-
tile force but little change in Ca uptake into Caz. In the presence of
ouabain, this may be explained by two different approaches. First, the
ouabain-induced PIE is atiributed to an increcase in the scnsitivity of
the CM to apparently normal levels of Ca or sccond, ouabin elicited the

PIE by increasing the exchange of intracecllular stores of Ca (probably



between Caz and the CM), so. that there is morce Ca available to complcete
the increased E-C coupling nccessary to support the PILE.

Repke and Katz (1972), studying Ca binding and uptake in cardiac
microsomes have suggested on the basis of kinetic analysis that the PIE
is not achieved by an increased sensitivity of the CM to Ca. Therefore,
in view of the data presented for ouabain-treated hearts, (an increase
in Ca accumulation into CaTr, reasonably constant Ca kinetics for Caz,
and the correlation findings) the second alternative involving an increas-
ed exchange of intracellular Ca stores appears to be a more valid explan-

ation of the PIE in the presence of unchanged Ca uptake into Ca A sum-

o
mary of the findings are presented in the proposed model of operation.
E. Propocsed Model of E-C Coupling in the Presence of Ouabain

Current findings are interpreted through the following model of
E-C coupling in the presence of ouabain: Ouabain stimulates an increase

in the rate of uptake of perfusate Ca into Ca Because of the unchang-

Tr'

ing Ca content of Ca this influx is probably accompanied by an equally

Tr’

elevated rate of efflux of Ca from CaTr' This increased efflux of Ca

from CaTr is responsible for stimulating an increased exchange of intra-
cellular Ca between Ca2 and the CM, while this Ca from CaTr need not be
accumulated by Ca2. The elevated Ca exchange between Ca2 and CM completes
the augmented E-C coupling necessary to maintain the PIE, Evidence from
Ca2 kinetics suggest that the Ca from CaTr is not taken up by Caz after
the stimulation process. With this in mind, after thc Ca from CaTr has
stimulated the exchange of Ca betwecen Ca2 and the CM, it may be taken up

by a storage pool (sarcoplasmic reticulum). Howcver, on the basis of pre-

sent investigations this remains speculative,
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F. Conclusion
The present study suggests two cffccts of ouabain as it relates

to the PIL.

1. Ouabain is associated with an increased accumulation of extra-
cellular Ca into CaTr.

2. To accommodate the augmented E-~C coupling which supports the PIE,
there is an increase in the exchange of intracellular Ca, probably be-
tween Ca2 and the CM, rather than an elevated Ca influx into Caz.

3. The influence of ouabain on the increased influx of Ca into CaTr
by stimulation of normally inactive Ca carriers remains speculative.
Because of unforseen short comings in the computer analysis and due to
the relative grossness of the preparation (i.e. an entire organ and all
of its uncontrolled variables), we were unable to employ the Scatchard

Format to determine wheter or not ouabain was activating additional

carriers.
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