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SUMMARY

1. A method for producing rapid [Ca?*] and [Sr?*] changes in the frog skinned
muscle fibre preparation while maintaining constant all other cationic concentrations
(Moisescu, 1976a, b) is described and analysed in detail.

2. Different experiments, some of them involving the Ca%*-gensitive photoprotein
aequorin, as well as theoretical considerations, indicate that with this method one can
produce a Ca?* (or Sr2t) concentration change within 0-1-0-15 sec in a whole prepara-
tion having a diameter of 50 xum.

3. The rate of force development was similar to that observed in vivo.

4. The radial diffusion coefficient of EGTA in relaxed myofibrillar preparations
was measured and found to be 4-6 x 10~ cm? sec—! at 20 °C.

5. The sarcoplasmic reticulum in myofibrillar bundles was found to be active with
respect to both Ca?t and Sr?t in the solutions used ([Mg?*] 1 mm; [Na] 30 mym; [K]
140-170 mm; [Cl] < 20 mm; pH 7-10).

6. The amount of Ca released by caffeine from internal stores (previously loaded
with Ca) can raise the total Ca concentration in the muscle fibre preparation by at
least 1-8 mm.

7. The presence of 10 mM-caffeine in all bathing solutions reduced drastically the
ability of the sarcoplasmic reticulum to accumulate both Ca and Sr.

INTRODUCTION

Since Natori (1954) introduced the skinned frog muscle preparation, many
investigators have used it to study both the properties of the contractile apparatus
(e.g. Hellam & Podolsky, 1969; Ebashi & Endo, 1968; Podolsky & Teichholz, 1970;
Julian, 1971; Godt, 1974; Donaldson & Kerrick, 1975, Endo, 1972a, b) and those of
the sarcoplasmic reticulum (Endo, Tanaka & Ogawa, 1970; Ford & Podolsky,
19724, b; Endo & Thorens, 1975; Thorens & Endo, 1975; Fabiato & Fabiato, 1977).

There are however a number of complex diffusion problems associated with the fact
that the ionic species required for a physiological activation of the contractile
apparatus are provided from outside the preparation.

A major source of errors for both transient and steady-state tension results using
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myofibrillar preparations arises from the ATP (adenosine triphosphate)-ase activity
within the myofibrillar bundle. This ATP-ase activity raises not only the direct
problem of maintaining the Mg-ATP concentration within the whole cross-section of
the preparation between certain limits so that the process of tension production is not
affected (Godt, 1974), but also that of maintaining a constant Ca?* concentration
throughout the myofibrillar bundle when using pH-sensitive Ca buffers. This second
problem arises from the fact that the over-all process of ATP hydrolysis is associated
with relatively large proton movements, which alter the pH and change the apparent
binding constant of Ca to the Ca buffer (Portzehl, Caldwell & Riiegg, 1964). This in
turn means that the Ca?t concentration in the preparation differs from that in the
- bathing solution (see Results).

In addition, the inherent appearance of a gradient in the inorganic phosphate
concentration in an activated myofibrillar preparation might also contribute to the
formation of a Ca?t — and/or Mg?* — concentration gradient within the fibre, if the
[Ca2t] — and/or [Mg?*] — buffering capacity of the activating solutions are not great
enough (see also Results and Discussion).

Yet another aspect of the diffusion problem must be solved in order to obtain
information about the Ca2?t kinetics in the process of force activation. This is to
provide a much more rapid Ca?t-concentration change throughout the whole skinned
muscle preparation, as compared to the recorded force changes.

The main aim of this paper is to show that one can overcome the above mentioned
problems generated by diffusion and that one can produce relatively rapid [Ca?+] and
[Sr2+] changes in skinned muscle preparations by adequately controlling the consti-
tuents of the bathing solutions.

This work represents an extention of some previously published results (Moisescu,
1973, 1976a, b; Ashley & Moisescu, 1973, 1975).

METHODS
Dissection and mounting of the preparation

The myofibrillar bundles were prepared under a microscope from single twitch muscle fibres
(iliofibularis) of healthy frogs (Rana esculenta). After being blotted dry, the muscle was placed in
a Petri dish filled with paraffin oil (Merck). On the bottom of the dish was a layer of Sylgard 184
(Dow Chemicals) in which fine pins could be impaled to facilitate the dissection. One single fibre
was subsequently isolated and skinned under oil with two pairs of no. 5 jewellers forceps and
sharp needles. Alternatively, the fibres were skinned under oil in a droplet of ‘relaxing solution’
(Table 2, solution B). Thinner bundles of myofibrils were obtained from the skinned fibre by
splitting the thicker bundles obtained initially. One end of the myofibrillar bundle chosen for an
experiment was carefully tied with a very fine surgical silk or nylon thread (20 gm), and the
dissecting chamber was then moved under the mounting device. Subsequently this end of the
preparation was securely tied under oil to a stainless-steel rod attached directly to the anode peg
of the RCA 5734 mechanoelectric transducer. The other end was clamped in a pair of fine
stainless steel Barcroft forceps (J. Weiss & Sons, London) which when closed do not hold liquid
between the points (see Ashley & Moisescu, 1977 for the diagram of the experimental set-up). The
myofibrillar bundle was then cut behind the forceps, the dissecting chamber was removed, and
the preparation was lowered into a standard relaxing solution B (Table 2). After at least 10 min
the preparation was slightly stretched until the measured resting force was about 0-01 mN, and
then the diameter and the sarcomere lengths were measured. This resting force corresponds to
average sarcomere lengths in the range 2-2-2-4 um if the preparations had a diameter roughly



Ca AND Sr EQUILIBRATION IN MYOFIBRILS 243

between 40 and 70 zm (see also Endo, 1972a). For measuring the sarcomere length, a Leitz UMK
50/0-6 long working-distance objective was used. The fibres were kept cold throughout the
preparation procedure and were used within 6 hr after the animals had been sacrificed.

Measuring and recording apparatus

The mechanical arrangement of the tension transducer is similar to that previously described
(Ashley & Moisescu, 1977). The output from the bridge circuit went either to a Tektronix storage
oscilloscope or to a pen recorder (Schwarzer, Varioseript V 242). The sensitivity of the measuring
system was 300 V/N and the natural frequency 166 sec—. The overall extraneous compliance was
under 2 mm/N.

Chamber and changing of solutions

The solutions were contained in a series of thirteen rectangular wells (vol. 4 ml.) drilled out of a
Perspex block and were covered by a hollow Perspex lid containing an opening through which
the myofibrillar preparation could be immersed into each particular solution. The chamber was
constructed such that a mixture of water and glycerol could be circulated around each well and
through the lid. By using a thermostat with pump (Haake, Typ E12) and a refrigerating unit
(Haake K11) it was possible to control the temperature of the solutions and of the air above them
within + 1 °C. The Perspex block containing the solutions could slide in the space between the lid
and a metallic frame which was attached to a micromanipulator. A photomultiplier tube (EMI
9635) could be placed under the chamber and this was used to measure the intensity of light
emitted by the Ca-sensitive photoprotein aequorin (Ashley, Moisescu & Rose, 1974) in some
experiments.

The method employed for changing solutions was similar to that of Hellam & Podolsky (1969)
and provided a rapid and uniform way for applying a solution along the whole length of the
preparation.

The procedure of changing solutions was started by lowering the whole chamber by 5-6 mm
until the preparation (whose position did not change) was above the walls which separate the
wells, but still under the lid; then the block with solutions was slid until the desired solution was
under the preparation, and finally the whole chamber was raised, such that the preparation was
about 3 mm under the level of the solution. This set of movements could be carried out in 1-2 sec.
The preparation does not appear to be damaged by being moved through an air-solution interface
(Ford & Podolsky, 1972a; Ashley & Moisescu, 1977).

The apparent affinity constants of Ca**, Sr2t and Mg+ to different ligands

Significantly different values have been quoted in the literature particularly for the affinity
constants of Ca?*, Sr2+ and Mg?* to EGTA and ATP (Sillén & Martell, 1964, 1970; Ogawa, 1968;
Godt, 1974). Furthermore the values reported have been obtained for conditions (e.g. tempera-
ture, ionic strength) different from those used in many physiological experiments. We have
developed some relatively simple potentiometric methods for determining the apparent affinity
constants of Ca2+, Sr?+ and Mg?* for ATP, EGTA (ethanedioxybis (ethylamine) tetraacetic acid),
creatine phosphate, and other ligands in a medium having the desired cationic composition
These methods have been used to determine the apparent affinity constants of the divalent
cations for various ligands under a wide range of experimental conditions (see Table 1, Moisescu,
1976a, b; Miller & Moisescu, 1976; Ashley & Moisescu, 1977), and will be described in detail
elsewhere.

Solutions

The bathing solutions were prepared using a similar procedure to that previously deseribed
(Moisescu, 1973; Ashley & Moisescu, 1977).

Table 2 lists the solutions of type A and B (Ashley & Moisescu, 1977) from which a set of
solutions having different free Ca levels but an otherwise identical ionic composition were directly
obtained. All precautions mentioned in this paper concerning the preparation of solutions and the
calculation of [Ca2+] were also taken.

For the preparation of the set of solutions with a different free Sr concentration but with an
otherwise identical ionic composition we also mixed only two solutions, B and A’. The solution of
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type B was identical to the solution B used for the preparation of a set of solutions covering a
large [Ca?*] range. The solution of type A’ contained however only 809, Sr-EGTA (and 209,
EGTA) and its total Mg concentration, Mg,, was accordingly modified (see Ashley & Moisescu,
1977).

Under our conditions the pH and the free Mg concentration in any intermediate solutions
obtained from A’ and B did not differ by more than 0-01 and 59, respectively. We did not use a
generating solution of type A containing equimolar amounts of Sr and EGTA. as had been the
case for the Ca?+ solutions due to the considerably smaller apparent affinity constant of Sr+ to
EGTA in comparison with that of Ca?+ (see Table 1), which would have led to significantly
different pH values and free Mg concentrations in the intermediate solutions. The free Sr
concentration has been calculated from an equation similar to that used for calculating [Ca?+]
(see Ashley & Moisescu, 1977).

In addition to the solutions of type A, A’ and B we have used another solution of type H,
which contained HDTA (hexamethylenediamine-NNN’N’~tetraacetic acid; see Results and
Discussion) instead of EGTA.. The composition of this solution is also shown in Table 2. The total
Mg concentration in this solution was calculated in a manner similar to that for solutions of
type B.

The stock solutions of type A, A’ and B which contained 50 mm-total EGTA, and of type H
which contained 50 mM-HDTA were prepared 24 hr before the experiment, except for the
presence of ATP, creatine phosphate (CP) and creatine kinase (CK) and were stored overnight
in the refrigerator. Before the experiment the solutions were brought to the working
temperature. ATP and CP were then added solid and pH was adjusted to 7-10 + 0-01 with known
amounts of KOH (usually less than 1 mM). Then CK was added solid and the solutions were
mixed in the appropriate proportions. The pH value was then checked for the whole set and did
not differ usually by more than 0-01 pH unit.

Sr-EGTA was prepared in a similar manner to Ca-EGTA (Ashley & Moisescu, 1977) from
equimolar amounts of EGTA and SrCO; in water (final pH < 4-5) aided by gentle heating
(10-15 min at 80 °C) to displace the equilibrium of H,CO; towards CO, and H,0. Thus we have
been able to increase to a maximum the amount of total EGTA in the solution for a given total
concentration of monovalent cations.

In order to increase the accuracy of the estimation of the relative Ca+ and Sr?+ concentrations,
the amount of free EGTA has been directly titrated with CaCl, (Moisescu & Pusch, 1975) at the
end of an experiment in each well in the presence of excess MgCl, ([Mg2+] 10 mm). The values thus
obtained have been generally very similar to those expected from the mixing of the solutions.

The standard solutions were aimed to give similar values to those found in vivo for: [Mg?+]
(1 mm; Ashley & Ellory, 1972; Endo & Thorens, 1975; [K+]+[Nat] (170 mm; Adrian, 1956), pH
(7-1 Caldwell, 1958).

A solution in which no active steady-state force response is measured is generally called a
relaxing solution as opposed to an activating solution. The free Ca concentration in what is called
here a relaxing solution was lower than 3 x 10-8m.

RESULTS
Changes in EGT A-buffered [Ca?*] generated by a change in intramyofibrillar pH

One can calculate based on the stability constants of different cations to ATP,
ADP (adenosine diphosphate) and inorganic phosphate (P;) (Sillén & Martell, 1964,
1970) that the hydrolysis of 1 mole ATP to ADP and P, releases about 0-5-0-7 mole
H+ at pH 6-8-7-1, [Mg2?+] = 0-1-1 mm, ionic strength 0-1-0-2 M and temperature
0-25 °C.

The use of an ATP - regenerative system such as creatine phosphate and creatine
kinase to maintain constant the ATP concentration during activation does not reduce
much the pH gradient in the preparation, it only changes its sign. This is because
hydrolysis of 1 mole creatine phosphate into creatine and P, would absorb 0-3-0-5
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mole protons under similar conditions as above. This estimate is based on the observa-
tion that at pH 6-6-7-6, creatine phosphate is essentially a divalent anion, while
creatine is neutrally charged.

Furthermore it can be calculated that even in the presence of 10 mm of an ideal pH
buffer at pH 7-00, the measured ATP-ase activity of the frog fibres at 0 °C (about
1 mMm sec™!) (Infante & Davies, 1964) could lead to such a pH gradient within a
100 gm thick preparation that the apparent affinity constant of Ca?+ to EGTA in the
preparation would differ up to a factor of two from that in the bathing solution.
Accordingly, the free Ca concentration within the preparation will be quite different
from that in the external solution, and then it is quite difficult to associate an
observed steady-state level of force to a free Ca concentration in the bathing solution.

This discrepancy between the intrafibrillar and external [Ca?*] is expected to be
enhanced in activating solutions having a smaller pH buffering capacity, a higher
temperature, or where the sarcolemmal diffusion barrier has not been completely
removed.

The presence of an important pH effect due to the hydrolysis process of creatine
phosphate or ATP associated with the mechanical response in skinned muscle fibres is
suggested by the experiment shown in Fig. 14.

Here the preparation has been initially activated in a Ca solution in which the
relative tension response was about 109, of its maximum value, and then the
preparation has been transferred into air with a high relative humidity at the same
temperature. One can see that after the contact between the preparation and the
activating solution has been interrupted, there is a drop in the force. This is most
likely due to the hydrolysis of creatine phosphate which is associated with an
alkalinization of the intrafibrillar medium (see above) and thus with a drop in free Ca
concentration. From other experiments it is known that the Ca?+ activation curves of
skinned muscle fibres are shifted by varying the pH in the bathing medium (Ashley &
Moisescu, 1974; 1977; Ebashi, Nonomura, Kitazawa & Toyo-oka, 1975). The
corresponding shift in the apparent affinity constant of Ca?t to EGTA is however
larger and consequently an increase in pH should lead to a lower force response whilst
a drop in pH should result in a higher relative force level when the initial force
response is submaximal. After about 30 sec, when presumably most of the creatine
phosphate has been hydrolysed, the concentration of ATP starts to fall. The
hydrolysis of ATP is associated with an acidification of the intrafibrillar medium and
thus with an increase in [Ca2t] buffered with EGTA. As a result the isometric force
rises to much higher levels. Indeed, force is expected to reach higher values than the
initial level since under our conditions the apparent hydrolysis of 10 mm-creatine
phosphate should require fewer protons than would be produced during the hydro-
lysis of 8 mmM-ATP. After another 20-30 sec it is possible that a rigor state is also
developed in different regions of the preparation. When the myofibrillar bundle is
reintroduced into the solution force falls to its initial level.

The immediate drop in force after the preparation has been lifted into the air
cannot be explained by the activity of the sarcoplasmic reticulum since the activat-
ing solution contained 10 mmM-caffeine and under this condition it can be shown that
the sarcoplasmic reticulum cannot be loaded with Ca (see Fig. 4D and later). If the
activating solution contains only ATP as in Fig. 1B, then force has immediately the
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tendency to rise when the preparation is suspended in the air and not to fall as in
Fig. 14, since here the direct hydrolysis of ATP acidifies the intrafibrillar medium.

The pH-buffering capacity and the activity of creatine kinase in the solutions
shown in Table 2 were adequate for experiments with myofibrillar bundles thinner
than 90 gm in diameter.

A __] 01 mN

15 sec

B
I 0-1 mN
Air Sol.
10 sec
| |
| ’____-—-—_\ pCa>9

Fig. 1. Force responses in frog myofibrillar preparations when lifted into the air after
being equilibrated in an activating solution at pCa 6. The activating solution for 4 was
of type A[B (Table 2) and contained both CP and CK, while the activating solution for
B was similar to that for 4 but did not contain CP and CK. The relative steady-state
level for force in B is higher than in 4 due to a lower concentration of monovalent cations
in the solution without creatine phosphate (Ashley & Moisescu, 1977). At the arrows
marked with Sol, the preparations were reintroduced in the respective solutions. Both
activating solutions in 4 and B contained 10 mM-caffeine. Characteristics of the prepara-
tions: diameter: 80 um in 4, 90 #m in B; length 1-1 mmin 4, 1-2 mmin B;sarcomere
length in 4 and B 2-2 yum. Temperature 22 °C.

An increase of both the TES concentration from 60 to 140 mm (4-22 °C) and that of
creatine kinase from 15 to 50 U/ml. did not have any effect upon the rate of tension
development or on the relative steady-state level. However, it appears from other
experiments that the capacity of the preparation to develop force is gradually
diminished in time when the concentration of the zwitterion form of TES is higher
than about 200 mm, even if the myofibrillar bundle is kept only in a relaxing solution.

Like other workers in this field (Hellam & Podolsky, 1969; Julian, 1971; Endo,
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1972a, b) we have also observed that force develops very slowly (over periods of
minutes) in skinned muscle preparations from both barnacle and frog if the pH-
buffering capacity of the bathing solution was low (TES 10 mm, pH 7-10, temp.
0-22 °C; Moisescu, 1973, 1975; Ashley & Moisescu, 1974) and if the relative steady-
state force was around 109,.

It is very likely that this very slow process of force development in these experi-
ments was due to the slow acidification of the intramyofibrillar medium which resulted
in a slow increase in the internal free Ca concentration.

Evidence for this interpretation is provided by the experimental records obtained
in the presence of a high concentration of pH buffer which are shown in Figs. 2 and 4
(also Fig. 2a, Moisescu 19764, and Fig. 3 for low temperature). Here force rises quite
rapidly with half times of about 1 sec or less although the relative steady-state force
levels correspond to not more than 109,.

Rapid [Ca?t] and [Sr**] changes in myofibrillar preparations

In recent years we have drawn attention to an activating procedure which can
speed up the changes in the buffered concentration of an activator (Ca2t+ or Sr2+)
throughout the skinned muscle preparation (Moisescu, 1973, 1975; Ashley & Moisescu,
1973). More recently this procedure has been further developed such as to enable a
quantitative interpretation of the isometric force responses (Moisescu, 1976a).

This procedure of producing rapid concentration changes of an activator within a myofibrillar
bundle is based on a simple principle. Let it be assumed that the preparation is represented by a
cylinder, in which the free Ca concentration is maintained very low (10~ M) by the presence of
say 0-15 mM-EGTA?2-. At a given moment the cylinder is introduced in a solution containing for
example 25 mM-EGTA?~ and 25 mm-Ca-EGTA2?- ([Ca2+]~ 2:10-7 M, Table 1). From the formula
describing the diffusion of a substance into a cylinder of radius a (see Crank, 1967, Fig. 5:3) one
can calculate that in the middle of the cylinder the concentration of EGTA2- will reach a value of
2:82 mM at the moment ¢ = 0-085 a?/D (where D is the diffusion coefficient for EGTAZ2-).

If the diffusion coefficient of Ca-EGTAZ2- is considered to be identical to that of EGTA2-, then
the concentration of Ca-EGTA?- in the middle of the cylinder at the same moment ¢ = 0-085 a2/D
would be 2:69 mm. This makes a ratio of 0-95 between the concentrations of Ca-EGTA2- and
EGTA?- in the middle of the cylinder as compared to 1 in the solution outside. This further
implies that at time ¢ = 0-085 a2/D, the concentration of Ca2* in any point in the cylinder would
have been within 59, of that in the bathing solution. In fact the average value for [Ca®+] in the
cylinder would have been over 99 %, of that in the external solution at that moment.

If however the initial concentration of the total EGTA buffer in the cylinder ([Ca2+] = 10— M)
were the same as that in the ‘activating’ solution ([Ca2?*] = 2:10-7 M), then the time elapsed
(after introducing the cylinder in the ‘activating’ solution) to obtain the same ratio of 0-95
between Ca-EGTA?- and EGTA?- in the middle of the cylinder would be one order of magnitude
higher.

The superiority of the first procedure to ‘activate’ the preparation in producing a more rapid
[Ca?+] change should be now quite obvious.

One could make an estimate for the time required for [Ca2+] to reach in the middle
of a preparation at least 95 %, of the value in the external solution (this being equiva-
lent to an average value of over 999, for the whole preparation) if the diffusion
coefficient of EGTA?- in the myofibrillar bundle was known.

We have actually measured the radial diffusion coefficient of EGTA?2- in large
myofibrillar preparations from barnacle by titrating with CaCl, (Moisescu & Pusch,
1975) the total amount of EGTA?~ entering the preparation after different periods
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of time. If the preparation was relaxed, the average value of the diffusion coefficient
was 46 x 10~% cm? sec~! at room temperature, i.e. only about 20 9, smaller than that
expected for free solution (Stein, 1967). However, if the solutions did not contain
Mg-ATP and the preparation was in rigor, then the diffusion coefficient of EGTA?-
was only about half the value mentioned above.

Using the value of 4-6 x 10~¢ cm2 sec~! for D one could estimate that the time
required to increase [Ca?*] to at least 959, of its value in the external solution
throughout the preparation approximated to a cylinder of diameter 2a = 40 um (i.e.
the average [Ca?*] in the preparation to reach 999, of its value outside) might be
lower than 100 ms if the initial concentration in the cylinder was 0-15 mM and the
preparation was activated in a solution with 50 mm total EGTA ([Ca%*] = 2 x 10-7 m).

In more complicated calculations done on an IBM 470 Computer (Moisescu, 1973;
Ashley & Moisescu, 1975) there have also been taken into consideration (a) additional
Ca-binding sites (0-1-0-2 mm) distributed uniformly within the cylinder; (b) the rate
constants of the Ca?+ binding to EGTA and release from Ca-EGTA (Podolsky, Berger
& Czerlinski quoted by Hellam & Podolsky, 1969) and (c) different boundary condi-
tions. These calculations also indicate that the free Ca concentration can be con-
sidered to be practically equilibrated (average [Ca?t] within preparation 959, of that
outside) within 0-15 sec in the whole cross-section of a 50 um thick bundle of myo-
fibrils if (i) the activating solutions had 50 mm total EGTA (pCa 8-5-7); (ii) the initial
EGTA concentration in the cylinder was between 0-05 and 0-15 mM and (iii) the
solution around the cylinder was stirred during the first 0-15 sec after the change of
solutions (see legend Fig. 2).

Similar calculations indicate that the time required for [Ca%*] to reach an average
value of 95 9%, of that in bulk solution within the 50 gm thick cylinder would be of the
order of 15-20 sec if the initial EGTA concentration (pCa 9) was the same (50 mm) as
in the ‘activating’ solution (pCa range 8-5-7), and if the solutions were not stirred
(see Fig. 3D).

If the conditions imposed for the above theoretical treatment can be experimentally
achieved, then one could design some experiments from which a direct estimate can
be made about the length of time needed for actually changing [Ca?+] or [Sr?+] from
one buffered level to another within the whole preparation.

The experimental procedure to achieve a rapid change in [Ca?*] or [Sr2t] in a
myofibrillar bundle seems fairly straightforward at first sight. Thus the preparation
should be initially equilibrated in a relaxing solution ([Ca?t] < 3 x 10~8 M) with a low
EGTA concentration (e.g. 0-15 mMm) called thereafter LR (or ‘low relaxing’) see also
Table 2. Then the preparation should be activated in a solution with a high Ca%*- (or
Sr2+-) buffering capacity (e.g. EGTA 25 mm, Ca-EGTA 25 mum; [Ca%t] 2x 10-7 m). In
addition sarcoplasmic reticulum should be made ineffective in accumulating or
releasing Ca?t (or Sr2t) and the solution around the preparation should be stirred
immediately after the preparation was introduced into it.

The problem becomes quite obvious when one considers the composition of these
solutions, since one has to find a substitute for the Ca?* (or Sr2+)-buffer (in this case
EGTA) to be used in the ‘low relaxing’ solution, such that no changes in the cationic
composition, ionic strength, and osmolarity will take place within the whole
preparation for the whole duration when the higher EGTA concentration in the
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activating solution diffuses within the preparation. Changes in any of these para-
meters may severely alter the level and thus the time course of force response (Ashley
& Moisescu, 1977).

In order to satisfy all these conditions, the substitute has to be identically charged
at neutral pH as the Ca- (Sr-) buffering system, to have a very low apparent affinity
constant for Ca2t (or Sr2+) but a diffusion coefficient and an apparent affinity constant
for Mg?+ similar to those of the Ca- (Sr-) buffer.

There are two such substances which very closely approach these ideal conditions
when using EGTA to buffer Ca?t and Sr?*. These substances are: HDTA (Anderegg,
1964 ; Moisescu, 1976a, commercially available from Fluka A.G., F.R. Germany) and
ODTA (octamethylenediamine-NNN'N’-tetraacetate; Anderegg, 1964).

In all the experiments reported here we have used only HDTA to replace EGTA

(see Table 2).
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Fig. 2. Force development in a 1-4 mm long bundle of frog myofibrils when activated in
[Ca?t]- and [Sr2+]-buffered solutions containing different concentrations of EGTA. The
preparation (diameter 60 ym, sarcomere length 2-55 um) has been equilibrated before
each contraction in a ‘low relaxing’ solution (ratio sol. Bfsol. H = 1/667). The vertical
dashed lines indicate the moment when the preparation has been introduced in the
activating solutions. Note that the solution round the preparation was always ‘stirred’
for about 0-2 sec while moving the preparation from the air-solution interface to its final
position, about 3 mm under the surface. The activating solutions for B and D were of
type A/B and A’[B respectively, and those for 4 and C were obtained by mixing one
volume of solution for B or D respectively with two volumes of solution H. The thin
horizontal lines represent the ‘zero’ level for active force. Temp. 25 °C.

A first type of experiment from which one can gain direct information about the
time required to produce a ‘rapid’ Ca2+- (or Sr2+-) concentration change within a
myofibrillar preparation is illustrated in Fig. 2. In this experiment the Ca2+- (or Sr2+-)
buffering capacity of the activating solution is varied by replacing some of the EGTA
with HDTA. ,

In Fig. 24, B the preparation has been initially equilibrated in a relaxing solution
containing only 75 um total EGTA and then was activated in two solutions in which
the free Ca concentration and the other cationic conditions were identical, but in
which the total EGTA concentration was 16-7 mm for Fig. 24 and 50 mm for Fig. 2B
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respectively. The activating solution for Fig. 24 contained 33-3 mmM-HDTA to
replace the same amount of EGTA. In Fig. 2C, D the preparation has been activated
in two [Sr2t]-buffered solutions, both having a pSr (= -log [Sr?*]) value of 4-9 and the
same free cationic concentrations but different total EGTA concentrations, similar to
the solutions in Fig. 24, B.

[Ca2t] and [Sr2t] are expected to equilibrate significantly faster (by a factor of at
least 2) for the traces in Fig. 2B and D than for those in Fig. 24 and C respectively,
since the difference in the Ca- and Sr-buffering capacity between the activating and
the relaxing solutions is much higher in the former case than in the latter. However,
the difference between the time course of the force responses in Fig. 24 and B and
also in Fig. 2C and D is only minor, of the order of 0-1-0-2 sec.

This directly suggests that when using the activating procedure in Fig. 2B, D, the
time of [Ca?*] or [Sr?*] equilibration within the whole preparation (diameter about
60 um) is of the order of 0-1-0-2 sec. In addition, the result indicates that the rate
limiting step in the process of force activation in this experiment was not that of
[Ca?t] and [Sr2+] equilibration.

An important conclusion regarding the composition of the solutions can also be drawn from the
experiment in Fig. 2. Thus one should notice that the absolute steady-state levels in each pair of
traces in Fig. 24 and B and Fig. 2C and D are essentially identical, although the activating
solutions contained quite different amounts of total EGTA. This strongly suggests that each pair
of solutions were very well balanced: otherwise small differences in the cationic concentrations
would have resulted in relatively large differences in the steady-state tension responses in this
range. This shows that HDTA is indeed a good substitute for EGTA. In addition, other experi-
ments have shown that the maximum Ca activated tension response in the presence of 50 mm-K,-
HDTA ([Ca%t] = 20 gm) or 50 mM-K, Ca-EGTA is precisely the same (Moisescu, 1976a ; Moisescu

& Thieleczek, 1978) and is significantly larger than in the presence of 100 mm-KCl ([Ca?t], 20 um)
(see also Ashley & Moisescu, 1977).

In another type of experiment we have used the Ca-sensitive photoprotein aequorin
(see review by Blinks, Prendergast & Allen, 1976) to determine the time interval for
[Ca2+] equilibration in the myofibrillar preparation over a wide range of concentra-
tions.

If one loads a myofibrillar bundle (diameter > 50 gm) with aequorin and introduces
it into an activating solution, then most of the aequorin will stay within the prepara-
tion for the first few seconds due to a very small value of its diffusion coefficient.
Therefore one can draw conclusions about the free Ca changes which occur in the
preparation immediately after activation from the changes in the intensity of the
light emitted by aequorin.

The radial diffusion coefficient of aequorin was measured as about 10-7 cm? sec-! at 20 °C
(Ashley et al. 1974; Ashley & Moisescu, 1975) in myofibrillar preparations and is similar to the
value of 0-5-0-7 x 10-7 em? sec~! found by Riidel, Taylor & Blinks (1976) for the longitudinal
diffusion coefficient of aequorin in single frog fibres,

The feasibility of this kind of experiment has been demonstrated recently (Ashley
et al. 1974; Ashley & Moisescu, 1975) and in Fig. 3 we present a set of records showing
the simultaneous tension and light response in several preparations when activated in
different Ca-buffered solutions.

The preparations were initially equilibrated in a relaxing solution for at least 3 min; then
30-60 nl. of the same relaxing solution but including 0-1-0-2 mM-aequorin was added to the
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middle segment of the preparations while suspended in the air. Then the bundles of myofibrils
were introduced into paraffin oil at the same temperature, for at least 5 minutes to allow aequorin
to distribute uniformly within the cross section of the myofibrillar bundles. Subsequently the
preparations were rinsed briefly (1-2 sec) in the relaxing solution in which they had initially been
equilibrated, and finally they were introduced into the appropriate activating solution (see also
Ashley et al. 1974; Ashley & Moisescu, 1975).

When the preparation was initially equilibrated in a relaxing solution with a
relatively low Ca?*-buffering capacity (total EGTA = 0-15 mm) and then activated in
a solution with 50 mm total EGTA (pCa range 6-00-5-74), light intensity reaches a
steady-state value much faster than the isometric force response (Fig. 34, B, D).

A B

Fig. 3. Simultaneous force (the lower traces in each part) and light intensity (top traces)
recordings from frog myofibrillar preparations loaded with aequorin (see text) after
being activated in solutions of type AL/BL (Table 2) at 2-3 °C. The pCa values of the
activating solutions are indicated by arrows. All solutions contained 10 mm-caffeine.
In A, B, D the preparations have been initially equilibrated in a ‘low relaxing’ solution
(BL/HL = 1/333, pCa about 8) and only then they have been activated. In C' the
preparation has been activated from a relaxing solution of type BLJAL (pCa 8) con-
taining the same total concentration of EGTA. as the activating solution. Calibration
bars: 20 nA for the current from the photomultiplier tube which has been filtered with a
time constant of 25 msec, and 0-1 mN for the force response. The ‘zero’ current and the
‘zero active force are indicated by dashed lines. Diameter of the preparations: 65 gm
for 4; 85 um for B; 70 um for C and D. Sarcomere length around 2-2 gm in all three
preparations. The ‘dark’ current was 15 nA in all experiments.

In Fig. 3C the same preparation as in Fig. 3D has been initially equilibrated in the
relaxing solution of type B, which had the same total EGTA concentration as the
activating solution (50 mM). Then it was loaded with aequorin and subsequently it
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was activated in the same solution as for Fig. 3D. One can observe that in Fig. 3C
both tension and intensity of light emitted by aequorin reach very slowly a steady-
state level. This clearly demonstrates that the delayed tension responses in Fig. 3C as
compared with Fig. 3D is due to the slow free Ca equilibration within the myofibrillar
preparation. The aequorin light intensity was still increasing after about 15 sec,
indicating that a substantial amount of aequorin was still within the preparation even
after this long time. This observation is in agreement with the very low apparent
diffusion coefficient of the photoprotein in the preparation (see above).

All solutions in Fig. 3 contained 10 mM-caffeine in order to avoid unwanted release of Ca from
the sarcoplasmic reticulum and to inactivate the capacity of the preparation to accumulate Ca
during the tension rise (see Discussion). These experiments have been done at 2 °C in the same
solutions as those used for determining the kinetics of tension activation (Moisescu, 19764, b) in

order to obtain an experimental estimation of the [Ca?t] equilibration times in the preparation
when using HDTA to replace most of the EGTA in the relaxing solution (see above).

From the aequorin experiments it can be estimated that the time required for [Ca?+t]
in the whole preparation to reach about 90-959, of the value in the activating
solution is of the order of 0-1-0-15 sec for a myofibrillar bundle of ca. 50 #m in diameter,
when using the activation method in Fig. 34, B, D. One should also take into con-
sideration that this value might be an overestimate since (i) at this temperature (2 °C)
the aequorin light response follows the changes in free Ca concentration with con-
siderable delay (rate constant 30 sec~!; van Leuwen & Blinks, 1969), (ii) in this pCa
range the intensity of light emitted by aequorin is proportional to [Ca%t]*, where n is
at least 2 (Moisescu & Ashley, 1977), and (iii) the Ca?*+-binding properties of the
relaxing solution containing aequorin might have considerably increased the Ca2*-
buffering capacity of the preparation immediately before activation (see above).

In conclusion there are several independent types of approaches which all indicate
that when using the procedure described here, one can produce a nearly complete
Ca?t+- and Sr2*+ concentration change within 0-1-0-15 sec in a preparation of about
50 ym in diameter.

The part played by the sarcoplasmic reticulum

If one wishes to decrease as much as possible the time required for changing Ca?+ or
Sr?t+ concentrations within the preparation by using the method described above, one
should try to stop the movements of these divalent ions associated with the sarco-
plasmic reticulum.

Bearing this in mind we had to investigate some of the properties of the sarco-
plasmic reticulum in our solutions and to find an efficient way of inactivating it
without interfering with the contractile machinery. Thus we have found that the ability
of the reticulum to accumulate and release Ca?t and Sr?+ remained high in all present
solutions unless additional substances such as detergents, caffeine, or Ca ionophores
were included in the bathing solutions.

We were also satisfied that the presence of 10 mm-caffeine in all our bathing
solutions did render the sarcoplasmic reticulum ineffective in accumulating or
releasing large amounts of either Ca%* or Sr?+. These observations are summarized in
Fig. 4.

Thus if the Ca-accumulating stores were initially depleted and the preparation was
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activated in a caffeine containing solution, then force developed quite rapidly reaching
a steady-state level which was maintained constant over long time intervals (the
steady-state force in Fig. 44 corresponds to about 109, maximum force, P,). If the
preparation was however incubated for about 4 min in the same activating solution as
for trace A but without caffeine and then was transferred into the same solution but
with caffeine, then a large force transient was observed (trace B). Force rose relatively
rapidly to a peak representing about 859, of maximum force P, under these condi-
tions and then fell steadily to a value similar to that in the solution without caffeine.

-

15 sec
6-1+caffeine

6-1+caffeine

\
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Fig. 4. Force responses from frog myofibrillar preparations when activated in a solution
of type A/B, pCa 6-1 (Table 2) after equilibration for at least 3 min in a ‘low relaxing’
solution (pCa 8) with 0-1 mM-EGTA (B/H = 1/500). In 4, the Ca accumulating stores
have been initially depleted and only the activating solution contained 10 mM-caffeine.
In B, the preparation (with depleted Ca stores) has been first activated in the solution
without caffeine for 4 min and then it has been transferred in an otherwise identical
solution which contained in addition 10 mMm-caffeine. The transient force response
reached about 85 9%, of P,. In C, the preparation has been loaded with Ca before being
equilibrated in the ‘low relaxing’ solution, and here the activating solution contained
10 mym-caffeine. The peak reached by tension corresponds here to maximal tension P,.
In D, the preparation has been activated in an identical solution as for C, but before
being equilibrated in the ‘low relaxing’ solution, the myofibrillar bundle has been
maintained for 10 min in the activating solution with 10 mM-caffeine. Dimensions of
the preparations: length for 4, B, D 1 mm, for C 1-1 mm; diameter for 4, B, D 50 ym,
for C 70 pum ; sarcomere length 2:2 um for all traces. Calibration bars for force: 0-25 mm
for A, and 0-1 m™M for B-D. Temp. 24 °C.
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By loading the preparation with Ca and then applying the same activation procedure
as for trace 44, then maximum force P, was very rapidly but transiently reached and
then force fell to a steady value representing about 159, P, (trace 4 C).

Evidence that the sarcoplasmic reticulum cannot be loaded with Ca?* in the
presence of caffeine is shown in Fig. 4D. Here the preparation was incubated for 10
min in a ‘Ca-loading’ solution as for traces B and C, which contained 10 mm-cafleine.
Then the same procedure as for trace C' was applied. However, the response is very
similar to that in trace 4 rather than in trace C suggesting that the sarcoplasmic
reticulum did not accumulate Ca?+ in the presence of caffeine. We have also increased
both the ionized Ca level in the ‘loading’ solution with 10 mm-caffeine up to about
0-1 mM and the ‘loading’ time up to 15 min, but the response was consistently
identical to that in Fig. 4D.

Similar results to those presented in Fig. 4 have also been obtained with Sr2+. The
ionized Sr concentrations were however about 25 times higher than those for Ca?* to
obtain equivalent values for the force responses.

It is noteworthy that if the preparations were first loaded with Ca (at pCa 6-6-1) or Sr (at pSr
4-5) as for the traces in Fig. 4B and C then one could obtain intermediate responses between
traces 4 and C in Fig. 4 by simply ‘reactivating’ the preparations in the same loading solutions,
after being initially equilibrated in a ‘low relaxing’ solution. This suggests that even in the
presence of 1 mm-Mg2+ (Thorens & Endo, 1975; Endo & Thorens, 1975) one could still produce a
kind of ‘Ca-induced Ca-release’ (Ford & Podolsky, 1972a, b; Endo et al. 1969; see also Fabiato &
Fabiato, 1977) by rapidly increasing the level of Ca2?+ or Sr?+ within the whole preparation to 10~¢
and 3 x 10-5 M respectively.

We have also tried to inactivate the sarcoplasmic reticulum by using the non-ionic detergent
Brij 36 (Orentlicher, Reuben, Grundfest & Brandt, 1974). This substance irreversibly inactivates
the capacity of the myofibrillar preparation to accumulate Ca2+ or Sr?+. However we have
observed that the rate of tension development is very much decreased after the preparation has
been maintained for several minutes in a relaxing solution with 0-5%, Brij 36 (see also Endo,

1972b; Table 2). These and additional light microscope observations suggest that the homo-
geneity of the frog myofibrillar preparation is also partially destroyed by this detergent.

Fast force activation of skinned muscle fibres in Ca**- and Sr2t-buffered solutions

It has been predicted (Ashley & Moisescu, 1972) and it has been recently demon-
strated (Moisescu, 1976a) that the rate of tension development is strongly dependent
upon the free Ca concentration in the activating solutions, under otherwise constant
conditions. In this context we were interested to see if with the method described in
this paper is possible to activate the frog myofibrillar preparation with rate constants
approaching the values observed iz vivo for tetanic stimulation. For this purpose the
skinned muscle preparation was initially equilibrated in a relaxing solution contain-
ing 0-125 mM-EGTA (pCa ~ 8) and then maximally activated in solutions containing
relatively high Ca%t+ or Sr?+ concentrations buffered with 50 mm-EGTA.

Fig. 54-D shows four such traces obtained at room temperature and at 2-4 °C
with preparations of about 50 xm in diameter. The response in Fig. 54 was obtained
with an activating solution containing equimolar amounts of Ca and EGTA
(pCa ~ 4-6) at room temperature, while the other traces, B-D, represent force
responses in different Sr2+-buffered solutions. First one can observe that the apparent
rate of tension development is about 4 times slower at 2 °C than at room temperature
for both Ca?*- and Sr?t+-activating conditions (see also Moisescu, 1976a, Fig. 2h),
although the time course of the free Sr or free Ca concentration change within the
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preparations due to the diffusion of the Sr2* or Ca?+ buffer should be similar when the
temperature difference is some 20 °C. As the relative tension—pCa (or pSr) relation-
ship is also not greatly affected by these changes in the temperature (Ashley &
Moisescu, 1977; D. G. Moisescu & R. Thieleczek, unpublished), the pronounced
temperature effect upon the rate of force development can be only explained if the
reaction steps in which Ca or Sr ions are apparently involved in producing force are
4 times faster at room temperature than at 2 °C under otherwise constant conditions.

Fig. 5. Time course of force development in frog myofibrillar preparations activated in
solutions with relatively high [Ca2+] or [Sr?+]. 4, the preparation (diameter 80 xm,
length 1:4 mm, sarcomere length 2:3 um) has been activated in solution A after being
equilibrated in a ‘low relaxing’ solution (B/H = 1/400). Temp. 25 °C. B, the myofibrillar
bundle (diameter 70 #m, length 2 mm, sarcomere length 2-25 gm) has been activated in
solution A’1l (Table 2) after being equilibrated in a ‘low relaxing’ solution (B1/H1 =
1/400). Temp. 25 °C. C, the activation of the skinned fibre preparation (diameter 50 #m
length, 1-:5 mm, sarcomere length 2-2 #m) has been done in solution A’’ after it has been
equilibrated in a balanced ‘low relaxing’ solution (B/H = 1/400). Temp. 25 °C. D, after
being equilibrated for several minutes in a ‘low relaxing’ solution (BL/HL = 1/400)
the preparation (diameter 35 ym, length 1-2 mm, sarcomere length 2:2 um) has been
activated in a solution A’L. Temp. 2-3 °C. Calibration bars: vertical, 0-25 mN for 4
and C, 1 mN for B, and 0-1 mN for D; horizontal, 0-2 sec for 4, C and D, and 0-14 sec
for B.

Secondly, we have consistently obtained higher maximal rates of force develop-
ment in Sr-EGTA solutions than in Ca-EGTA solutions, for otherwise similar
conditions. This would be expected if the diffusion of the activator is still important in

9 PHY 275
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determining the apparent rate of force activation for the experiments in Fig. 44-D,
since the relative [Sr?+] should increase faster in the preparations over the range in
which [Sr?*] is higher than the apparent threshold for activation (Moisescu &
Thieleczek, 1978) than the relative [Ca?t] over the corresponding range (Moisescu,
1976a), due to a much lower affinity constant of EGTA for Sr2+ than that for Ca2+
under identical cationic conditions (see Table 2). In addition, the maximal rate of
force development was always slightly faster for 0-1 mM-Mg?+ than for 1 mm-Mg?+
(Fig. 5, traces B and C). This observation can also be explained as above, by a
diffusion limited process, since the relative force—pSr curve in the presence of
1 mm-Mg?* is shifted towards lower [Sr?*] when compared with the curve for 0-1 mm-
Mg+ (Donaldson & Kerrick, 1975).

In thinner preparations (between 30 and 40 ym) the maximal rate of tension
development is consistently higher than in thicker preparations (above 60 #m). This
also suggests that diffusion is still a limiting factor for the rate of tension development
in Fig. 5 A-D. However, the observed maximal rates for tension development are not
inversely proportional to the square of the apparent diameter of the preparations.
These results indicate that apart from diffusion there are also some other steps of
reaction which limit the process of force activation and do not depend upon the Ca2+
or Sr?+ concentration. The apparent rate constants associated with these limiting
steps of reaction should be of the order of 40-100 sec—? at 20 °C for frog muscle fibres
under our standard conditions.

DISCUSSION

In this paper an analysis has been made of the requirements which must be met by
the bathing solutions in order to be able to distinguish between the effect of the
activating divalent cations Ca and Sr upon the isometric tension response and other
effects which are mainly due to pH changes and variations in the MgATP concentra-
tion within the preparation during activation. Thus, when using bundles of frog
myofibrils of 50-100 ym in diameter all solutions must contain an ATP-regenerating
system (Godt, 1974), a very high concentration of an efficient pH-buffer, a high
concentration of Ca?+- (or Sr?+-) buffer (particularly when the ratio between the total
Ca (or Sr) in the solution and that of the Ca (or Sr) buffer approaches unity), as well as
a relatively strong Mg?*-buffer. In addition, one should try to maintain a constant
concentration for each ionic species in the whole set of solutions. When replacing an
ionic species for another one, it is important to make sure that the effect of both ions
upon the absolute tension response is identical (see Ashley & Moisescu, 1977) as is the
the case for HDTA and EGTA (Fig. 24-D; Moisescu, 1976a).

The most important aim of this paper was, however, that of describing and ana-
lysing in more detail a method for rapidly equilibrating the free Ca?+ and Sr2+
concentrations within the skinned muscle fibre preparations without disturbing the
equilibrium of the other cationic species (Moisescu, 1973, 19764, b; Ashley & Moisescu,
1973). This rapid equilibration of [Ca%*] or [Sr2+] is brought about by introducing the
preparation into a solution with a much higher buffering capacity for the relevant ion
than that of the preparation as a whole (solution in the interfilament space, sarco-
plasmic reticulum, myofibrillar proteins), and appears to be important for maintain-
ing a homogeneous preparation during an experiment. One can then use the same
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myofibrillar bundle for many activation-relaxation cycles without greatly modifying
the properties of the contractile apparatus or the homogeneity of the preparation
(Moisescu, 1976a; Moisescu & Thieleczek, 1978).

It should be noted that a decrease in the EGTA concentration in a ‘low relaxing’ solution
below 0-1 mM would not significantly contribute to a faster [Ca2+] or [Sr?t] equilibration in the
myofibrillar preparation since the Ca-binding sites on the regulator proteins alone should have a
contribution similar to that of about 0-1 mmM-EGTA. (Moisescu, 1975; Ashley & Moisescu, 1975).

We wish to emphasize that basically the same procedure can be used for producing
both a sudden ¢ncrease or a sudden decrease in [Ca?+] or [Sr?+] within the myofibrillar
preparation. For producing a sudden decrease in [Ca?t] for example, one should
initially equilibrate the preparation in an activating solution containing a low
concentration of Ca-buffer and then introduce it into a solution having a very high
buffering capacity around a higher pCa value. We have used this procedure for
producing a very fast relaxation of the preparation (Moisescu, 1976a, Fig. 2f). Using
a similar type of approach as pointed out in the Results one can calculate that in that
particular experiment (Moisescu, 1976a, Fig. 2f), the free Ca concentration should
have dropped under 3 x 108 M within few tens of milliseconds in the whole prepara-
tion.

It is important that both the contractile apparatus and the capacity of the sarco-
plasmic reticulum to accumulate Ca (or Sr) are well preserved in the presence of
50 mM-EGTA?- or 50 mmM-HDTA?-. The addition of 10 mm-caffeine to the solutions
induces the release of Ca (and Sr) from myofibrillar stores, and diminishes to a
minimum the capacity of the sarcoplasmic reticulum to accumulate Ca and Sr. Based
on these effects of caffeine it is possible to estimate the minimum amount of Ca which
can be stored by the sarcoplasmic reticulum.

In the experiment illustrated in Fig. 4 B, the preparation had been equilibrated for
4 min in a solution in which the relative steady-state force response was about
159, P,. During this time Ca was also accumulated by the reticulum. Then the
preparation was placed in an otherwise identical solution including 10 mM-caffeine
which released Ca from the stores and caused a transient tension rise reaching 859,
P,. The increase in the free Ca concentration within the preparation was produced by
both the release of Ca from the sarcoplasmic reticulum and by the acidification effect
due to the release of protons as a result of Ca binding to EGTA. The acidification in
turn decreased the apparent affinity constant of Ca2+ to EGTA. The free Ca con-
centration must have increased by a factor of at least 2-4 within the whole prepara-
tion to account for an increase in relative tension from 15 to 859, P, (see Moisescu,
1976a; Moisescu & Thieleczek, 1978) particularly when the pH has dropped (Ashley
& Moisescu, 1977). If X is the concentration in the preparation which has been
reached by Ca released from the sarcoplasmic reticulum, then the free Ca concentra-
tion within the preparation would have been modified by the factor F,

F=CxH (1)
where
C = ([CaEGTA] + X) x ([EGTA]) x ((EGTA] — X)-1 x ((CaEGTA])! (2)
represents the contribution of the released Ca to enhance the ratio [CaEGTA)/
[EGTA], and
H = ([TES]+2X)? x ([TES-]- 2X)~2 x ((TES-])? ([TES])-2 (3)
9-2
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represents the contribution of the pH change (due to the release of two protons for
each Ca bound to EGTA) to the decrease of the apparent affinity constant of Ca%* to
EGTA. :

In eqn. (3) [TES-] is the concentration of the negatively charged form of the pH
buffer and [TES] is the concentration of the neutral form. For the conditions under
which the tension response in Fig. 4B has been obtained ([CaEGTA] = 40 mm,
[EGTA] = 10 mMm, [TES-] = 17 mM, [TES] = 43 mMm) and considering that F > 2-4,
then from eqns. (1)—(3) the result is that X > 1-8 mm. This value is very similar to
that obtained by Ford & Podolsky (1972a), when using radioactive Ca, and is
much higher than those obtained with vesicles of the sarcoplasmic reticulum
(e.g. Hasselbach, 1964; Ogawa, 1970) suggesting that the accumulating capacity
of the intact reticulum is much higher than that of the vesicles. One can also observe
that the increase in the EGTA-buffered [Ca?t] is mainly due to the changes in pH
even in the presence of 60 mM-total TES. This again emphasizes the necessity of using
very high concentrations of pH buffers when performing Ca release experiments in
the presence of pH-sensitive Ca (or Sr-) buffers such as EGTA.

The rate of Ca?*+ accumulation by the sarcoplasmic reticulum appears however to be low. Thus
in order to load the reticulum effectively in the solutions used in Fig. 4 (pCa 6-1) one has to main-
tain the preparation for about 2 min after the rapid equilibration of [Ca?+]. This corresponds to
uptake rates of the order of about 20 n-mole (g muscle)~!s~1. This rate is expected to rise by at
least 5 times if the free Ca concentration in the medium is higher, as some experiments of loading
the sarcoplasmic reticulum at pCa = 4-6 suggest. Under these conditions the rate of Ca uptake
by the intact reticulum appears to be similar to that obtained for the maximal rate of Ca ac-
cumulation by its vesicles (Inesi & Scarpa, 1972). The leakage of Ca from the reticulum is only of
the order of 1-2 n-mole (g muscle)~!s~! if the free Ca concentration in the medium is lower than
10-? M, since a preparation loaded with Ca must be kept for at least 30 min in a solution con-
taining 50 mM-free EGTA. in order that 10 mM-caffeine does not release substantial amounts of
Ca for conditions like those in Fig. 4B, C.

We are grateful to Professor H. Ch. Liittgau for continuous interest and support, Dr P. C.
Caldwell, F.R.S. for his constant encouragement and Dr C. C. Ashley for providing the aequorin.
This work was supported by the Deutsche Forschungsgemeinschaft.

REFERENCES

ApRIAN, R. H. (1956). The effect of internal and external [K] on the membrane potential of frog
muscle. J. Physiol. 133, 631-658.

ANDEREGG, G. (1964). Komplexone XXXVI. Reaktionsenthalpie und -entropie bei der Bildung
der Metalkomplexe der hheren EDTA-Homologen. Helv. chim. Acta 47, 1801-1814.

AsHLEY, C. C. & ELLORY, J. C. (1972). The efflux of magnesium from single crustacean muscle
fibres. J. Physiol. 226, 653—-674.

AsHLEY, C. C. & Moisescu, D. G. (1972). Model for the action of calcium in muscle. Nature, New
Biol. 237, 208-211.

AsHLEY, C. C. & MoisEscU, D. G. (1973). Tension changes in isolated bundles of frog and barnacle
myofibrils in response to sudden changes in the external free calcium concentration. J. Physiol.
233, 8-9P.

AsHLEY, C.C. & MoisEscu, D. G. (1974). The influence of [Mg?*+] and pH upon the isometric
steady-state tension-Ca?t+ relationship in isolated bundles of myofibrils. J. Physiol. 239,
112-114P.

AsHLEY, C. C. & Moisescu, D. G. (1975). The part played by Ca?* in the contraction of isolated
bundles of myofibrils. In Calcium Transport in Contraction and Secretion, ed. CAraFoLI, E.,
CLEMENTI, F., DRABIKOWSKI, W. & MARGRETH, A., pp. 517-525. Amsterdam: North Holland.



Ca AND Sr EQUILIBRATION IN MYOFIBRILS 261

AsHLEY, C. C. & Moisescu, D. G. (1977). The effect of changing the composition of the bathing
solutions upon the isometric tension-pCa relationship in bundles of myofibrils isolated from
single crustacean muscle fibres. J. Physiol. 270, 627-652.

AsHLEY, C.C., Moisescu, D. G. & Rosg, R. M. (1974). Aequorin-light and tension responses
from bundles of myofibrils following a sudden change in free calcium. J. Phystol. 241, 104—106.

Brinks, J. R., PRENDERGAST, F. G. & ALLEN, D. G. (1976). Photoproteins as biological calcium
indicators. Pharmac. Rev. 28, 1-93.

CaLDpWELL, P. C. (1958). Studies on the internal pH of large muscle and nerve fibres. J. Physiol.
142, 22-62.

CRANK, J. (1977). The Mathematics of Diffusion, 1st edn. Oxford: Clarendon.

Donarpson, 8. K. B. & KErrick, W. G. L. (1975). Characterization of the effects of Mg?+ on
Ca?+. and Sr2t+.activated tension generation of skinned muscle fibers. J. gen. Physiol. 66,
427-444.

EsBasHI, §. & ENpo, M. (1968). Calcium ion and muscle contraction. Prog. Biophys. molec. Biol.
18, 123-183.

EzBasHI, S., NoNOoMURA, Y., KiTAzZAWA, T. & Tov0-0KA, T. (1975). Troponin in tissues other than
skeletal muscle. In Calcium T'ransport in Contraction and Secretion, ed. CAraroLl, E., CLEMENTI,
F., DraBikKOWsKI, W. & MARGRETH, A., pp. 405-414. Amsterdam: North Holland.

ExnDo, M. (1972a). Stretched-induced increase in activation of skinned muscle fibres by calcium.
Nature, New Biol. 237, 211-213.

Enpo, M. (1972b). Length dependence of Ca-activation. Cold Spring Harbor Symp. quant. Biol.
37, 505-510.

Enxpo, M., TaNAKA, M. & Ocawa, Y. (1970). Calcium induced release of calcium from the
sarcoplasmic reticulum of skinned skeletal muscle fibres. Nature, Lond. 228, 34-36.

E~Do, M. & THORENS, S. (1975). Mechanism of release of Ca from the sarcoplasmic reticulum. In
Calcium Transport in Contraction and Secretion, ed. CArRAFoLL, E., CLEMENTI, F., DRABIKOWSKI,
W. & MARGRETH, A., pp. 359-366. Amsterdam: North Holland.

FaB1aTo, A. & FABIATO, F. (1977). Calcium release from the sarcoplasmic reticulum. Circulation
Res. 40, 119-129.

Forp, L. E. & Poporsky, R.J. (1972a). Calcium uptake and force development by skinned
muscle fibres in EGTA buffered solutions. J. Physiol. 223, 1-19.

Forp, L. E. & Poporsky, R.J. (1972b). Intracellular calcium movements in skinned muscle
fibres. J. Physiol. 223, 21-33.

Gopt, R. (1974). Ca-activated tension of skinned muscle fibres of the frog: dependence on
magnesium adenosine triphosphate concentration. J. gen. Physiol. 63, 722-739.

HasseLBacH, W. (1964). Relaxing factor and the relaxation of muscle. Prog. Biophys. molec. Biol.
14, 167-222.

Herram, D.C. & Poporsky, R.J. (1969). Force measurements in skinned muscle fibres.
J. Physiol. 200, 807-819.

Inest, G. & Scarpa, A. (1972). Fast kinetics of adenosine triphosphate dependent Ca2+ uptake by
fragmented sarcoplasmic reticulum. Biochemistry, N.Y. 11, 356—359.

INFANTE, AL A. & DAVIES R. E. (1964). Length, tension and metabolism during short isometric
contractions of frog sartorius muscles. Biochim. biophys. Acta 88, 215-2117.

Jurian, F. J. (1971). The effect of calcium on the force-velocity relation of briefly glycerinated
frog muscle fibres. J. Phystol. 218, 117-145.

MiLLER, D. J. & Moisescu, D. G. (1976). The effects of very low external calcium and sodium
concentrations on cardiac contractile strength and calcium-sodium antagonism. J. Physiol.
259, 283-308.

Moisescu, D. G. (1973). The intracellular control and action of caleium in striated musele and the
forces responsible for the stability of the myofilament lattice. Ph.D. thesis, University of
Bristol.

Moisescu, D. G. (1975). The effect of K+ on the Ca induced development of tension in isolated
bundles of myofibrils. Pfliigers Arch. 355, R—62.

Moisescu, D. G. (1976a). Kinetics of reaction in Ca-activated skinned muscle fibres. Nature,
London. 262, 610-613.

Moisescu, D. G. (1976b). Activation of isolated bundles of frog myofibrils in Ca-buffered
solutions. J. Physiol. 263, 161-162P.



262 D. G. MOISESCU AND R. THIELECZEK

MoisEescu, D. G. & AsHLEY, C. C. (1977). The effect of physiologically occurring cations upon
aequorin light emission: Determination of the binding constants. Biochim. biophys. Acta
460, 189-205.

MoisEscu, D. G. & PuscH, H. (1975). A pH-metric method for the determination of the relative
concentration of calcium to EGTA. Pfliigers Arch. 355, R—122.

Moisescu, D. G. & THIELECZEK, R. (1978). Length effects on the Ca++- and Srt++-activation
curves in skinned frog muscle fibres. J. Physiol. (In the Press.)

Narori, R. (1954). The property and contraction process of isolated myofibrils. Jikeikai med. J.
1, 119-126.

Ocawa, Y. (1968). Apparent binding constant of EGTA for calcium at neutral pH. J. Biochem.,
Tokyo 64, 255-2517.

Ocawa, Y. (1970). Some properties of fragmented frog sarcoplasmic reticulum with particular
reference to its response to caffeine. J. Biochem., Tokyo 67, 667-683.

ORENTLICHER, M., REUBEN, J. P., GRUNDFEST, H. & BRaNDT, P. W. (1974). Calcium binding and
tension development in detergent treated muscle fibers J. gen. Physiol. 63, 168—-186.

Poporsky, R.J. & TeicEHOLZ, L. E. (1970). The relation between calcium and contraction
kinetics in skinned fibres. J. Physiol. 211, 19-35.

PorrzEHL, H., CALDWELL, P. C. & RUEGaG, J. C. (1964). Calcium and the contraction of crab
muscle fibres. Biochim. biophys. Acta 79, 581-591.

RUDEL, R., TAYLOR, S. R. & BLINksS, J. R. quoted by BriNks, J. R., PRENDERGAST, F. G. &
ALLEN, D. G. (1976). in Photoproteins as biological indicators. Pharmac. Rev. 28, 1-93.

SiLLEN, L. G. & MarTELL, A. E. (1964). Stability Constants of Metal-ion Complexes, Special
Publication no. 17. London: The Chemical Society.

SiLLEN, L. G. & MARTELL, A. E. (1970). Stability Constants of Metal-ion Complexes supplement 1,
Special Publication no. 25. London: The Chemical Society.

StEIN, W. (1967). The Movement of Molecules across Cell Membranes, New York: Academic.

THORENS, S. & ENDoO, M. (1975). Calcium-induced caleium release and ‘depolarization’-induced
calcium release: their physiological significance. Proc. Japan Acad. 51, 473-478.

VAN LEEUWEN, M. & BLINKS, J. R. (1969). Properties of aequorin relevant to its use as a calcium
indicator in biological work. Fedn Proc. 28, 359.



