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INTRODUCTION

(1) calcium and muscle contraction

The first indication of the importance of calcium in the
contraction of muscle comes from the work of Sidnej Ringer'in
1883 who reported that calcium was required to sustain the-beat
of the frogs heart in vitro, Thé abolition of contractile
activity occurs within a few minutes of calcium debrivation and
is not accomp#nied by a loss of the electrical activity of the
tissue . (Mines,1913). This differs from the case of skeletal |
muscle where the loss of contfactility after calcium removal 1is
associated with the muscle becoming inexcitable, However by
artificially depolarising skeletal muscle with potassium~rich
solutions:it has been shown that contraction is still abolished
within two to twenty minutes in the absence of calcium even if
the muscle is fully depolarised (Frank, 1962). Calcium was
found to be the only ion that prbduced a sighificant contraction
when injected into frog skeletal muscle (Hielbrunn and Wiefcinski,
1947)., These results suggested that calcium acts internally to
produce activation of the contractile process. Subsequently
micro-injection of calcium was showh to produce localised and
reversible contraction in single skeletal muscle fibres of frog

(Niedergerke, 1955) and crab (Caldwell and Walster, 1963).

A great deal of our present understanding of the mechanism
of contractile activation has paradoxically come from studies én
the relaxation of muscle, Biochemical stﬁdies involving the
fractionation of muscle tissue had shown the presence of a
"relaxing factor" in the supernatent fraction (Marsh, 1951).

This factor was capable of reversing synereéis (the gelation of
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actomyosin) and relaxing contracted glycerinated muscle
(Bendall, 1953). This relaxing factor was later shown to be
granular and not soluble_(Kumagai et al, 1955) and was in fact
fragments of the sarcoplasmic reticulum of the muscle cell
(Ebashi and Lipmann,1962), These granules contain an ATP-
dependent calcium pump which is capable of concentrating
cytoplasmic calcium 500 times (Hasselbach and Makinose, 1961)
or 2,000 times in the presence of oxalate or phosphate (calcium

forms an internal precipitate in the presence of these anions).

In skeletal and mammalian cardiac muscle a network of
tubules ramifies inward from the cell surface normally at the
Z-band region, These tubules, known as the transverse tubular
system, are continuous with the sarcolemma and appear to open
into the extracellular space, Huxley and Taylor (1958) and
Huxley (1959) produced highly localised depolarisation with a
micro-electrode on the surface of muscle flbres and observed
localised contraction when the micro-electrode was immediately
above the entrance to this transverse tubular system, This
suggested.that the excitation 6f the muscle fibre sarcolemma
was propagated down the tubular system to activate contraction,
The close proximity of the calclium loading lateral sacs of the
sarcoplasmic reticulum to these transverse tubules suggestéd
that they might be regions from which calcium was released to
trigger contractibn following depolarisation of the cell membrane

(Constantin et al, 1965; Sandow, 1965).

The sarcoplasmic reticulum 1s much less abundant in cardiac
muscle than in skeletal, However, at least in mammallan cardiac
muscle it appears to be sufficiently active to fulfil a similar

r3le in the relaxation process (Carsten, 1964),
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The caléium released into the sarcoplasm to activate
éontraction appears to act oh the troponin molecule in higher
animals (Ebashi‘and Kodama, 1966; Ebashi et al, 1967). Tropoﬁin.
prevents the interaction of actin and myosin and thus prevents
contraction, The binding of calcium to troponin 1is able to

11ft this repression and thereby permit contraction,

Measurements of the uptake of 450& by skeletal muscle cells
have shown that with repetitive stimulation the>uptake
progressively increases (Bianchi and Shanes, 1959). This was
later confirmed in cardiac muscle (Winegrad and Shanes,1962;
Niedergerke, 1963)., The increased calcium influx during
stimulation suggested that this calcium might either'éctivate
tension directly or induce a calcium release from the sarco-
plasmic reticulum (Ford and Podolsky, 1970; Eﬁdo et al, 1970).
The former possibility i.e, that calcium influx during excitation
might produce a significant tension by a direct activation of
the myofibrils, is more likely in cardiac muscle as the sarco-
plasmic reticulum is less abundant than in skeletal muscle and
the smaller cells have a larger surface area to vdiume ratio,
This would be even more prelevant in frog heart muscle where
the sarcoplaémic reticulum 1s less developed (Staley and Benson,
1968; Page and Niedergerke,1972) and the cells ére relatively
small (average diameter 5u, Marceau, 1904). The transverse
tubular system is absent in frog heart muscle (Staley and
Benson, 1968; Chapman 1971) soAtension.activation probably does
not occur by exactly the samé route as in skeletal muscle, The
calcium entry into frog heart as measured by radioactive calcium
fluxes (Niedergerke,1963) indicated that the calcium crossing
the membrane during depolarisation was insufficient to 'completely

activate the contractile proteins and therefore suggested the
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need for an internal store of releasable colcium, With the
introduction of the powerful technique of voltage clamping to
cardiac muscle (Rougler et al, 1969; Masher and Peper,1969;
Ochi, 1970; Beeler and Reuter, 1970A,B; Tarr,1971) the problem
appeared to be near to.resolution as an estimate of the calcium
inward current during depolarisation seemed possible. Morad
and Orkand, (1971), using voltage clamp experiments on frog
heart muscle, proposed that this calcium influx was sufficient
to completely account for the subsequently observed contraction,
However the application of these techniqﬁes to frog heart muscle
might have been premature because following the criticisms of
the methods on theoretical grounds (Johnson and Lieberman, 1971)
recent studies indicate that voltage control in such preparations

might well be inadequate (Tarr and Trank, 1974).

2. The contraction of frog heart muscle.

Another approach to the study of excitation-contraction
coupling and calcium activation of tension is via functional
studies i.e. observation of the contractile response of the .
muscle to variation of the extracellular environment or
frequency of stimulation. The contractile tension that frog
heart produces was found to be proportionél to the ratio
[Ca]o / [Na]oa in the bathing solution (Wilbrandt and Koller,
1948), This was later confirmed and the results extended to show
that contractures (sustained contractions) producéd by
depolarisation with potassium-rich solutions also appeared to
vary with this ratio (Luttgau and Niedergerke, 1958), This wasA
interpreted as indicating that sodium and calcium competed for
binding to an anionic receptor at a site, probably on the surface
membrane, and that this receptor was the entry route of calcium

into the cell (Niedergerke and Luttgau, 1957).
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More recent studies of the contractures produced by a
reduction of the bathing sodium concentration has suggested
that these contractures and their subsequent'spontaneous
relaxatien could be accounted for by a sodium-calcium exchange
across the cell membrane (Chapman, 1974). The contracture
tension was found to be proportional to Lce] 2 and to \/;;a
A membrane carrier with two internal and two external anionic
binding sites would be in accord with the observed responses.,
The existence of such a sodiﬁm-calcium exchange mechanism was
originally suggested in squid giant axon (Baker et al, 1968)
and guinea pig heart muscle (Reuter and Seitz, 1968).

Chapman and Niedergerke (1970, A,B,) studied the twitch
contraction of frog ventricle in response to an alteration of
the extracellular calcium concentration and the stimulus rate.
These and subseguent studies (Chapman,1971; Chapman and Miller,
1974) suggested that during the normal twiteh contraction the
calcium that activates tension originates from three sites in
series in the muscle, These three calclum sites or compounds:
were termed Cay, CaII’ and Ca, (Chapman,1971). All three appeared
to be in equilibrium with extracellular calcium but the rate of
change of concentration of calcium at the individual sites in
response to an alteration of the external calcium concetration
was very different. These were determined by observation of
the rate of decline of twitch tension in response to-a reduction
- of the extracellular calcium concentration, This decline
exhiblited three approximately exponenbial phases. The rate of

change of Ca, was equivalent to the rate of interstitial solution

I
exchange. Thus CaI was suggested to be at the outer surface of

the cell membrane and that a physical counterpart of a change
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of Ca., could be a change in the calcium which entered the cell

I
during the action potential. CaII and Ca, could correspond

to intracellular calcium binding sites with Ca, (the slowest
changing component) possibly equivalent to the sarcoplasmic
reticulum or mitochondria, = The fairly rapidly changing CaII
could be situated at or near the inner surface of the cell
membrane (Chapman, 1971)., Studies on contractures produced
in frog heart by sustained depolarisation with potaséium-rich
solutions indicated that the tension that the muscle produced
varied with theECa:](;3 (Chapman, 1971). These results, Suggest-
ing a cooperative action of three caicium ions added further
support to the hypothesis of three calcium compounds or sites
being involved in cbntraction produced by depolarisation of the

cell membrane.

3. Manganese as an inhibitor of calcium fluxes |

The transition element manganese was found to inhibit the
calcium dependent action potential of crayfish muscle. (Fatt
and Ginsburg,1958). Subsequently, antagonism by manganese.of
calciuﬁ activation has been demonstrated in mammalian heart.
(Kleinfeld and Stein, 1968) and smooth muscle (Nonomura et al,
1966), barnacle muscle (Hagiwara and Takahaéhi,1967), frog
-skeletal muscle (Oota et al,1972), frog neuromuscular junction
(Meiri and Rahamimoff, 1972) and the calcium uptake associated
with excitation of squid glant axon (Baker et al, 1973). The
influence of manganese on frog heart muscle 1s of conslderable
interest because of the apparently large dependence on external
calcium of both excitation (Niedergerke and Orkand, 1966) and
contraction (Ringer 1883; Wilbrandt and Koller, 1948). The

over-shoot of the action potential has been reported to decrease
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in the presence of manganese (Hagiwara and Nakajima, 1965),
consistent with the entry of calcium at 1east being partially
responsible for the depolarisation phase of the action potential
(Niedergerke and Orkand, 1966).' The twitch contraction of frog
heart 1is rapidly inhibited in the presence of manganese as are
the contractures produced by a reduction of the bathing sodium
concentration (Chapman and Ochi, 1971). However the contract-
ures produced by depolarisation with potassium-rich solutions
were found to be less sensitive to manganese inhibition. It
had been proposed that an internal store exists in frog heart
from which calcium can be released to promote contraction in a
manner similar to that in skeletal muscle. Therefore if
manganese can act as a simple inhibitor of calcium entry then
useful information might be obtained on the source of the calcium-
that activates contraction in frog heart i.e. to differentiate
between external and internal sources of calcium activator.

With this in mind the effect of manganese (and various other
transition elements) on the contractile activity of frog.heart
has been more thoroughly investigated. A preliminary study

of the effects of manganese on the electrical properties of

the tissue has also been carried out.
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PART 1. SOME EFFECTS OF DIVALENT CATIONS
ON THE ELECTRICAL PROPERTIES OF THE HEART

METHODS (1)

(1) The preparation and the experimental chamber,

The expefiments were performed'in a constant temperature
room (20t 1°c) on hearts from adult frogs (Rana pipiens), The
frogs were maintained in a 4°C room in running water at 8°C

until used.

After pithing theC.N.S. the hearts were removed and
immediately immersed in normal Ringer solution (see Table T,
solution A) containing 1 mM calcium. Following removal of the
auricles the- ventricle was flushed out with Ringer to remove
all traces of blood.  The ventricle was pinned down.and opened
out and a strip of tissue approximately 3 x 1 mm was removed.

A loop of fine slik thread (uo‘p diameter) was tied to each

end of the strip which was then transferred to the experimental
chamber (Fig.l). This is a modified Hodgkin-Horowicz dish as
described by Chapman and Tunstall (1971) and further modified
to permit field electrical stimulation (Chapman, 1973). One
end of the muscle, (M), was tied to a hook set into the bottom
of the channel, the other end being tied to the hook of the
tension transducer, (G), a piezo-resistive strain gauge, Endevco

Corp. 8107-2.

Solutions flowing over the muscle were changed with a three
way tap (T). Two additional preliminary taps (not shown)
permit a rapid switch to any of five different solutions, The
exchange time for solutions in the channel has been estimated

to be 10 - 90% complete in 0.4 seconds (Chapman and Tunstall,

1971) at a flow rate of 20 mls/min. This flow rate was used



Figure.l.

Muscle (M) situated in perfusion channel. One eﬁd of
the muscle is tied to the force transducer (G), the other
end being tied to a hook set into the base of the perfusion
channel, Solutions flowing over the muscle are changed by
means of the 3-way tap (T). Field electrical stimulation
is produced by an isolated stimulator (S) via two platinum

plate electrodes set into the sides of the perfusion channel
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for contracture experiments (Part 2) but a slightly slower

rate (15 mls/min) was used for micro-electrode experiments
as‘the less turbulent flow facilitated the maintenance of the
micro-electrodes within the cells, The rapid solution
exchange time ensured that the response time of the musclé was
not limited to any great extent by the time required for change

of perfusate,

The solutions were contained in Marriot bottleé (not
illuétrated) 1n‘order to maintain a constant pressure head and
thus a consﬁant flow rate. Solutions were gassed wlth oxygen
.except when actually being used for contracture measurements,

A few seconds prior to switching solutions the new solution was
allovwed to'flbw to waste through the tap to prevent the muscle

being exposed to stale solutions.

The preparation was stimulated by a Devices isolated
stimulator connected to two small platinum plates set in the
sides of the channel on either side of the preparation. Thres-
holds for twitch stimulation were normallj in the.range 1.5 -

4,5 V for 20msec pulses. The réte of stimulation was determined
by a Devices digltimer. The tension transducer 6utput was |
displayed on a Tektronix 502A oscilloscope and a Scuthern

Instruments U,V, chart recorder (1 KHz galvanometers).

(2) _Intracellular measurements |

Cell resting and action potentials were measured with
conventional 3 M - KCl - filled micro-electrodes (8 - 20 Mf).
Measurements were made either between two micro-electrodes or
between one micrb-electrode and an Agar XKCl: Ag 012: Agi

indifferent electrode at the end of the channel as shown in
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Figure 2. The high impedance differential preamplifier unit
utilised a Burr-Brown operational amplifier (input impedence

12 12

10~° ohms, source current < 10 < A, and with a set gain of

10).

Tip'potentials were estimated by closing switch S
(Fig.2.) The asymmetry of the system Ag:Ag Cl,:KCl:RingerKcl
Agar:AgClgzég was normally < >mV and was reguiarly checked |
throughout the experiment by breaking a mibro—electfode on
the bottom of the dish thus eliminating the contribution of
the tip potential to the measured potential. Thus micro-
electrodes with low tip potentials ( < 5 mV) wers selected.
In some experiments the micro-electrode filling solﬁtion was
acidified to pH 2 as this appears to reduce tip potentlals
(Wann and Goldsmith,1972). Such precautions were necessary
as high tip potentials lead to underestimation of the resting
membrane potential (Adrian,1956) and any change in tip potential
accompanying the change of solution would lead to erroneous

measuraements.

When two micro—eiectrodes were used with one
intracellular, the indifferent electrode was positioned as
close as possible to it extracellularly to minimise interference

and the electrical stimulus artifact.

The signal output was displayed on a Tektronix 502A
oscilloscope for photography and subsequent optical enlargemnent
and measurement, Where resting potentials were to ke measured
the signal output was also displayed on a U,V. chart recorder
so that any slow drift of resting potential, indicative of

inadequate penetration, could be easily detected.



Figure 2.

Intracellular measurement of electrical activity.
Solutions are changed by tap (T). Contractile tension
of the muscle is measured by the force transducer (G).
Electrical recording is differential between either two
micro-electrodes or between one micro-electrode and a
Ag:Ag Cl:KCl Agar bridge. Tip potentials of the micro-
electrodes were estimated by closing switch (S) (see

text for details).
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(3) Solutions

All solutions were made up with A.R. grade chemicals
(Fisons Ltd.), where availlable. Glass distilled water was
used for Ringer solutions and double glass distilled water
for solutions to which no sodium was Eo be added. Contamin-
ation 1evels'of calcium and sodium were determined by atomic
absorption spectroscopy and were found to be 3 - 5 uM and
l - 2}11\'1 respectively.

The pH of all solutions was carefully checked before use.
This was adjusted to pH 7.3 except where indicated in the
text.

The composition of the various solutions are listed in
Table T. Manganese and other divalent cations were normally
added without osmotic adjustment in order to avoid a reduction
in the sodium concentration. In some experiments where high
concentrations of divalent cations have been employed an
equiosmotic equivalent of Tris-chloride has been added to the
'control' solutions for direct comparison. Those cases have

been specifically stated in the text.

Atropine and caffeine were obtained from B.D.H. Pronethanol
was a gift from I.C.I. and D-600 a gift from Knoll A.G.
Calcium chloride was normally added as its 1 M solution (B.D.H.

volumetric standard, analar grade).

Tris has been used as a buffer in all solutions. Phosphate
and bilcarbonate buffering is excluded because of the low

solubility product of manganese phdsphate and hydroxide.

Solution A plus 1 mM calcium has been referred to in the

text as normal Ringer.
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(4) General procedures

Following removal of the preparation from the heart the
muscle was exposed to 1 mM calcium Ringer for one hour at a
stimulus rate of 4 per minute at 2.5 x threshold. This period
allowed almost complete development of the hypodynamic state
(Clark, 1919; Chapman and Niedergerke,1970A) during which time
the muscle becomes less sensitive to calcium, Responses of
the muscle after this time tend to be relatively stable for:

several hours.

Exposures to manganese containing solutions were kept as
short as possible with intervening recovery period of 15 - 20

minutes in normal Ringer solution.
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RESULTS (1)

(1) The cell membrane potential and manganese

The effect of various external concentrations of manganese
on the cell resting potential 1s illustrated in Figure 3. The
resting potehtial has been plotted as a function of the tdtal
external divalent cation concentration i.e.calcium plus manganese.
The calcium concentration was maintained at 1 mM thrbughout.
Manganese addition produced a hyperpolarisation equivalent to
10.8 mV for a ten-fold increase in the external divalent cation
concentration over the range 1 to 16 mM. The change in
membrane potential when expressed simply as a function of the
external manganese concentration (i.e. ignoring the calcium)
shows a shallower relationship, the hyperpolarisation being

7.4 mV for a ten-fold change in the manganese concentration.

Takeya and Reiter (1972) found similar hyperpolarisations
induced by manganese in rabbit ventricle (7.7 mV between 1 and
10 mM manganese and 12.8 mV between 2.5 and 25 mM). In frog
skeletal muscle, Chiarandini and Stefani (1973).reported»a
7.4 mV hyperpolarisation on addition of 10 mM manganese to the
tibialis anticus longus muscle and 6.5 mV by the éddition of
20 mM manganese to the sartorius muscle, Hyperpolarisation is
often produced by divalent cations, so much so that Shanes
(1958) termed these hyperpolarisations a stablising efféct on
the membrane. It is therefore not surprising that increasing
the calcium concentration producés similar changes to that of
manganese on the resting potential (Fig.3. squares Joined by
dashed line). Over the range 4 to 16 mM calcium the regression
line for the points shows a hyperpolarisation equivalent to

10.5 mV for a ten-fold increase in the calcium concentratibn.




Figure 3.

Resting membrane potential changes produced by the
addition of manganese (circles joined by solid 1line) or
calcium (squares Joined by dashed line) to normal Ringer.
Concentrations are expressed as the total divalent cation
concentration of the solution i.e, calcium plus manganese.
All manganese solutions contained 1 mM calclum. The |

ventricle strips were stimulated at a rate of 1 min™t

and
were exposed to each test solution for 25 minutes and then
returned to normal Ringer for 60 min. before the next
abplication of a test solution was made. Eight to twelve
acceptable micro-electrode penetrations and hence resting
potential measurements were made in each test'soiution in
each‘of eight experiments. Points shown are the mean of

the experiment means, the vertical bars indicate t one S.E,.

of this mean,
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At low calcium concentrations the relationship is less steep.
This confirms the findings of Niedergerke and Orkand (1966,
their Fig.3) where a 4.9 mV hyperpolarisation was found for a
ten-fold increase in calcium concentration over the range 0.l
to 10 mM, the relationship being shallower at low calcium, and
steeper at high calcium concentrations. However, Ware (1961)
also using frog ventricie, reported a 5.4 mV increase in
membrane potential for an increase in calcium concentration
from 1.08 to 3.24% mM i.e. equivalent to an 18 mV change for a
ten-fold increase in calcium concentration. This larger
increase may have been due to the high rate of stimulation

( 2 20 min-l) or the lower potassium concentration (1.88 mM)
in his experiments. In frog sartorius muscle Jenerick and
gerard (1953) found a hyperpolarisation equivalent to 11 mV

for a ten-fold increase in calcium concentration.

Over the range of concentrations of calcium and manganese
tested in these experiments (i.e. up to 17 mM) there appears |
to bé little difference between the extent of hyperpolarisation'
produced by calcium or manganese, The curve for calclum is
shifted slightly to the right of that of manganese 1.,e. calcium
appears to be slightly less effective at producing membrane

hyperpolarisation..

(2) The overshoot of the action potential and manganese
Hagiwara and Nakajima (1965) showed that manganese reduced

the overshoot of the action potential in frog ventricle. This

was interpreted in terms of an inhibition of calcium influx

during the plateau region of the action potential.

I have confirmed Hagiwara and Nakajima's findings and a
decrease in overshoot in the presence of manganese is illustrated

in Fig.4. A decrease of approximately 5 mV occurred when 2 mM-



Figure 4.

Changes in the overshoot of the éction potential
produced by manganese. The muscles wére exposed to the
same experimental procedures as for the membrane potential
measurements described in connection with Figure 3. The
results shown are the means of four to eight penetrations
in each solution in each of four experiments. Thé length

of the vertical bars indicate ¥ one S.E. of the mean,
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manganese was pfesent. However, higher manganese
concentrations did not produce correspondingly greater
decreases in the overshoot unless very high concentrations

were employed (16 mM or larger). The decrease in overshoot
‘at these very high concentrations is possibly related to the
large increase in threshold and a subsequent inability to
produce maximal stimulation of the muscle, an effect that could
be assoclated with the hyperpolarisation prbduced by manganese

as will be discussed later.

Ochi (1970, and personal communication) has suggested that -
under certain conditions manganese appeared to be able to
substitute for calcium as a carrier of slow inward current ih
guinea pig heart muscle. In the present experiments there was
little further decrease in overshoot between 2 and 16 mM
manganese (and even an increase in some preparations). This
could have been the result of a significant manganese influx
during the action potential l.e. manganese acting as a charge
carrier during the plaﬁeau phase of the actlion potential.

This would suggest that manganese is similar to barium and
strontium which are belleved to be capable of acting as charge
carriers during the cardiac action potential (Masher,1973;

Pappano and Sperelakis,1969; Vereecke and Carmeliet,1971).

(3) Submaximal stimulation in the presence of manganese.

Flgure 5 shows that the action potential duration and
overshoot 1n the presence of manganese are very dependent upon
the degree of stimulation of the preparation. A déérease in
action potential duration and overshoot was produced by
submaximal stimulation i.e. by a decrease in stimulus intensity
(Pig. 5A) or stimulus duration (Fig.5B). Similar findings were
reported by Babskii and Donskikh (1973) and Goto and Brooks

(1969), also in frog ventricle.



Figure 5.

The effects of submaximal stimulation on the action

potential in the presence of 8 mM manganese.

A. This shows the superimposed responses to variation of
the stimulus voltage at constant stimulus duration (4msec)
during continuous impalement of a single cell. Stimulus

strength was 2.2, 2.7, 3.2, 4.3, 0.8 and 14.5 volts

for responses 1 to 6 respectively.

B. With continuous impalement of another cell in the same
preparation the responses to variation of stimulus duration
at constant stiﬁulus strength (4.3 volts) are superimposed.
Stimulus duration was 3, 3.5, 3.75, 4 and 5 msec for

responses 1 to 5 respectively.

The sequence in which the responses were produced in A
‘and B involved alternation between high and low values of
stimulus strength and duration. The calcium concentration

was 1 mM throughout.
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The results suggest that if maximal stimulation (which
was facilitated by the use of field stimulation in these
experiments) is not used then measurements of these action
potentiél parameters would show a much greater dependence on
the manganese concentration. Studies involving conducted
action potentials are therefore likely to show larger decreasés
in the overshoot and action potential duration for a given
manganese concentration. This fact could account for_the
smaller reduction of these parameters by manganese as meaéured
in the present expefiments when compared with the results of

Hagiwara and Nakajima (1965).

goto, Abe and Kawata (1961) have suggested that the plateau

component of the action potential is dependent upon the
excitation of neighbouring cells. If this is true, then where
most of the cells in the preparation are producing an action
potential as a result of maximal stimulation, the action
potential observed in an individual cell will appear with the
normal prolonged plateau phase, Whereas when the-stimulus |
intensity 1s sufficient to excite only a small number_of cells
in the preparation the action potentiai appears as a_short

spike with a reduced or with no plateau component. A similar
explanation could be.advanced to account for the observation
that the action potentlal observed in extremely thin auricular
trabeculae exhibits bnly a short spike with little or no

plateau component (Cl. Leoty ~ personal communcation).

(4) The action potential duration and manganese,

Manganese produced a biphasic effect on the action potential
duration similar to that reported by Takeya and Reiter (1972)

in rabbit ventricle. Figure 6 illustrates the changes in



Figure 6.

Biphasic change in the action potential duration
produced by 2 mM manganese (continuous impalement of
a single cell). (a) control action potential and twitch
in normal Ringer. (b) action potential and twitch aftef
15 seconds in manganese Ringer. (c), the responses after
15 minutes in the presence of manganese. The calcium
concentration was 0.5 mM and the stimulﬁs strength was
maintained at six times the threshold throughout.

Stimulation rate was 4 min-l.
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duration produced by the addition of 2 mM manganese., Prior
to the decrease in the duration, a transient lncrease occurred.
This transient increase is smaller and of a shorter time course

the higher the manganese concentration employed.

Figure 7 illustrates the time course of the changes in the
action potential duration and resting potential during a long

single impalement in the presence of 8 mM manganese.

In similar experiments with other trahsition elements
nickel produced only large increases in action potential
duration (2.5 times with 8 mM nickel) whereas cobalt only

produced action potential shortening.

An lncrease in the calcium concentration can also produce
a decrease 1n action potential duration in frog ventricle
(Niedergerke and Orkand, 1966) but normally an increase in
duration was observed. In toad ventricle Fukuda (1972) found
only shortening of the action potential in increased calcium
concentrations, These changes are possibly related to the
hyperpolarisation observed in solutions with high divalent

cation contents.

(5) The effect of manganese on the threshold for contraction

Manganese produces large increases in the contraction
threshold in frog heart, the threshold being increased two to
three times by 8 mM manganese., This is presumably a reflection
of the ablility of manganese to prevent full generation of the
normal action potential at low stimulus intensities as describead

above.

Figure 8 illustrates a comparison between the effects of
calcium (Fig.8 lert) and manganese (Fig.8 right) on the
threshold of frog heart strips. The threshold being determined



Figure 7.

Time course of changes in the resting potential and
action potential duration produced by the addition of
8 mM manganese at a polnt corresponding to 1 minute on
the time>axis. Continuous impalement of the same cell.
The stimulus rate was 4 m:!.n"1 and the calcium concentration

wag 1 mM. Note change of scale on the time axis.
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as that stimulus intensity Jjust sufficient to produce a
measurable contraction. Figure 8 also compares the effect of
divalent cations on the twitch threshold in auricle (circles)

with that of ventricles (triangles).

No significant difference was found between. the threshold
increases produced by addition of calcium and manganese to
auricle compared with ventricle strips. This is to some extent
reassuring because both auricle and ventricle preparations have
been used in the various parts of this work. These experiments
also 1llustrate the similarity in.the effects produced by
manganese andthose of calcium. Indeed a direct paired t-test
of the threshold increases produced by manganese and calcium
in the same hearts showed a significant difference between
calcium and manganese only in auricle and only thén at the

5% level.

Thus both manganese and calcium produce increases in twitch
threshold, manganese producing slightly greater increases., It
would seem possible that the threshold increase could have
resulted from the increase in membrane potential produced by
the divalent cations as described earlier. This was tested by
lowering the potassium concentration in the perfusion solution
to 2 mM. This produces a hyperpolarisation which can be
estimated from the data of Luttgau and Niedergerke (1958) as
4,0 mV, Chapman (1973) as 6.8 mV, or Graham, Bennet and Ware
(1969) as 8.2 mV (stimulation rate 24 min~t), Thus the
hyperpolarisation produced by 2 mM potassium 1is approximately:
equivalent to the hyperpolarisation produced by 8 mM manganese
(= 6.3 mV, Fig.3) or 8 mM calcium (= 4.7 mV Fig.3). However

2 mM potassium was found to produce only 25-40% of the threshold



Figure 8.

Effects of the addition of manganese or calcium on the
stimulation threshold for contraction in auricle (circles)
and ventricle (triangles) strips. The stimulus duration
was 5 msec at a rate of 12 min-l. The threshold increase
was measured 3 min after the addition of calcium or
manganese and is expressed as a percentage of the threshold
voltage in normal Ringer (1mM calcium). The threshold in
normal Ringer was measured before and after every ‘test’
solution. The preparationswere stimulated through a 100 K

ohm series resistor, mean stimulating current in normal

]
Ringer was 0.212 mA in auricle and 0.104 in ventricle strips

The results shown are the means (& S.E. of mean) of fouz

paired experiments, the auricle and ventricle strips being
obtained from the same hearts and were selected as having

approximately the same dimensions.
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increase produced 8 mM manganese or calcium. At higher
concentrations of divalent cations an even smaller contribution
of hyperpolarisation to the threshold increase would be
anticipated because of the logarithmic relationship between

the membrane potentialand the divalent cation concentration.

Alternative explanations for the extra increase in
threshold could include the small increase in,osmolarity
caused by the addition of the divalent cation. However the
addition of 12 ﬁM Tris-chloride was found to pfoduce no
increase in threshold. It therefore seems unlikely that the

extra increase in threshold could be due to an osmotlc effect.

‘The involvement of the release of endogenous transmitter
chemicals by manganese or high calcium 1s ruled out because
the increased threshold in these solutions was not reduced by

atropine (1.2 x 10—5M) or pronethanol (12 u gm/ml).

It would seem therefore that manganese (and calcium)
produces an increase in threshold in frog heart which is ohly
partly accounted for by a hyperpolarising effect.
Frankenhaeuser and Hodgkin (1957) found that an increase in the
calcium concentration produced a positive shift of the membrane
potential at which the peak sodium conductance océurs in the
depolarisation of the squid axon. This was suggested by
A.F.Huxley to be due to calcium binding to negatively charged
groups on the outer surface of the membrane, This would change
the electrical field within the membrane and thus could |
decrease the sodium conductance changes assoclated with the
membrane depolarisation. In frog heart this would alter the
threshold for electrical stimulation and thereby the threshold

for contraction. The large threshold increases 1n manganese
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may therefore be accounted for by this charge screeniné
effect of the divalent cations, an idea supported by the
results of Hagiwara and Nakajima (1966) who found a decrease
in the maximum depolarisation rate of the action potential
occurred in frog ventricle in relatively high concentrations

of manganese (8-10 mM).
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DISCUSSION (1)

(1) Divalent cations and the membrane potential
Increasedcalcium concentrations have been shown toAproduce
an increase in resting membrane potential in frog myelinated :
nerve (Schmidt, 1960), frog skeletal muscle (Jenefick and
Gerard,1953), rat diaphrégm (Gossweiler et al, 1954) cockroéch'
giant axon (Narahashi,l96@, lobster giant axon (Dalton, 1958)
and frog heart (Niedergerke and Orkand,1966; Ware,i96l).
However, increaséd calcium was without effect on the membrane
potential of mammalian Purkihje fibres (Weidmann,1955) and

mammalian papillary muscle (Hoffman et al,1956).

In the present experiments the addition of calcium or
manganese has been shown to produce a membrane hyperpolarisation
in frog ventricle. The increase in membrane potential was
equivalent to approximately 10.5 mV for a ten-fold increase
in the divalent catlion concentration over the range 4 - 17 mM.
At lower concentrations the relationship was less steep.
Manganese addition produced slightly more hyperpolarisation

than equivalent concentrations of caicium over the whole range.

A possible cause of the hyperpolarisation in solutions
with raised divalent catlion concentrations could be an increased
potassium conductance of the membrane. Such an increase
could also decrease the action potential duration (Figure 6)
and reduce the overshoot (Figure 4). However in frog
skeletal muscle manganese has been shown to increase the
effective membrane resistance (Chiarandini and Stefani,1973).

This was interpreted in terms of a decreased potassium
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conductance. (Chiarandini and Stefani fouﬁd an increased
membrane resistance by manganese only in potassium depolarised
muscle, The increase in normal Ringer was not significant,
However, as they pointed out, their technique could not easily
have detected a 50% reduction of the potassium conductance in
normal Ringer. They therefore assumed that a decfeased
potassium conductance had occurred but that it could nbt_

easily be demonstrated).

An alternative mechanism proﬁosed for the calcium hyper-
polariéation observed in frogbskeletal muscle was a decrease
in the membrane sodium conductaﬁce (Adrian and Freygang,1962),
thus allowing the membrane potential to more closely approach
the _potassium equilibrium potential. This therefore appears
to be a more likely explanation for the observed hyper-

polarisation.

(2) Action potential changes in the presence of manganese
Manganese was found to produce a decrease in the overshoot
of the action potential (Hagiwara and Nakajima,1966)., This
has been coﬁfirmed in these experiments, However smaller
decreases in overshoot were found, the effect being almost
maximal in 2 mM manganese, Above 16 mM manganese lower
overshoots were observed., Experiments have shown that these
probably resulted from the concommitent increase in threshold
in manganese - Ringer yielding graded responses and préventing
full excitation of the muscle, The results indicate that
measurements of the overshoot and the action potential duration
are dependent upon the stimulus intensity in the presence of

manganese, Similar graded cardiac action potentials have
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been observed in manganese (Babskil and Donskikh,1973), in
manganese and hypertonic solutions (Goto and Brooks,1969),
in magnesium and hypertonic solutions (Ohshima, 1969) and in
increased potassium concentrations (Tritthart et al, 1973).
Thus in these conditions where the conduction velocity 1s
slowed, the action potential becomes graded and appears to
split into two components, a short initial spike and a longer

plateau depolarisation phase.

Such results might provide indications of the method of
action potential generation in frog heart i.e, does the
initial spike represent the fast sodium current, and the early
plateau phase the slower calclum current observed in voltage-
clamp studies? - Goto and Brooks (1959) suggested that the
initial spike triggers the plateau response and that twitch
contractions only occur with the appearance of the plateau,
This could be 1pterpreted as suggesting that thé calciﬁminward
current assumed to be associated with contraction only occurs
during the plateau phase, Alternatively, the short duration
of the spilke depolarisation might be insufficient to trigger
an internal release, or a transmembfane flux, of calcium for
contraction. No distinct threshold}for the plateau response
was found in the present experiments, the response being
always graded. As the viability of voltage clamping cardiac
. tissue, and even the existence of a slow inward current has
been questioned (Johnson and Lieberman, 1971), further

speculation along these llnes seems fruitless.

An alternative explanation for the appearance of the

plateau could be that although the action potential response
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from a single cell is a short splke, the plateau might be
generated by nelghbouring cell interaction as a result of
the syncytial nature of cardiac tissue. Thus neighbouring
cells could act as a'lérge current source for the plateau
component, - .- This might account for the shorter action
potential in atrial tissue which has a more régular cable-
like structure than the "spongy" ventricle. The much branched
ventricular tissue, together'with the slower conduction
velocity, would facilitate a re-enterant collision of
excltation (Goto, Abe and Kowata,1961) thus prolonging the
action potential. The rather slow subthreshold local
responses (Figure 5al, S5bl, 5b2) might further supportthis

suggestion,

Perhaps the most widely accepted explanation for the
prolonged plateau of cardiac action potentials has been
summarised by Noble and Tsien (1969). The plateau is
considered to be dependent upon delayed potassium currents
responsible for repolarisation. High divalent cation con-
centrations could thereby produce actién-potential shortening
by reducing the delay of onset of these éurrents. The
membrane hyperpolarisation or other electric field changes

within the membrane might produce these changes,

‘The biphasic changes in action potential duration in °*
manganese are not easily explained. Niedergerke and Orkand
(1966) found inconsistent effects on the action potential
duration in increased calcium concentrations, i.e. sometimes
an increase and sometimes a decrease, A shortening of the

action potential was found in cardiac muscle of rat(Coraboeuf



26.

and Vassort 1967), rabbit (Takahashi and Holland,1969) and
guinea pig (Stanley and Reiter,1965) whereas a prolongation
was found in dog heart (Kleinfeld et al, 1966).. Takeya and
Reiter (1966) found biphasic changes of duration with
manganese in rabbit heart similar to those reported_here.'
They suggested that low manganese concentrations produce
prolongation whereas higher concentrations produce shortening.
They therefore postulated that biphasic changeé were due to

a diffusion delay in the muscle i.,e. low extracellular
manganese concentrations were initially experienced!@?thé
cells in the preparation thus producing an increase in action
potential duration, Later the extracellular manganese
concentration effectively increased as its equilibration
across the muscle proceeded thereby producing action potential
shortening. In the present experihents no prolonged increase
in duration in manganese was observed in the lowest con-
centrations employed (1mM). However, such an explanation

cannot be ruled out altogether.

(3) _Excitability changes produced by calcium and manganese.

The experiments on the threshold for contraction show an
approximate eguivalence in the responses of auricle compared
with ventricle, and between the effects of calcium and of

manganese,

Slight differences between auricle and a ventricle might
| be anticipated in view of the disparity in their respective
ion content e.g. Walker and Ladle (1973) found a significant
difference between the internal potassium éctivities of the

two tissues. Fukuda (1972) found a significant difference
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between the calcium content of toad auricle and ventricle,
The observed structural differences (Miller,1974) might
also be expected to affect the threshold for stimulation and

subsequent propagation of excitation.

Increased manganese concentratlons produced slightly
greater increases in threshold than did increased calcium.
This might be anticipated in view of the somewhat -larger

hyperpolarisation observed in manganese solutions (Figure 3).

Similar increases in threshold by increased calcium
were found by Fukuda (1972) in toad heart i.e. approximately
a 250% increase in 7 - 10 mM calcium compared to approximately
a 200% 1ncrease\in 17 mM.calcium in these experiments. The
larger threshold increases would be expected in the experimats
of Fukuda as whole auricle or whole ventricle were used,

Thus a larger decremental current spread would be anticlpated.

The hyperpolarisation produced by increased calcium or
ménganese was sufficient to account for only 25 - 40% (less
at high concentrations) of the threshold increase in these
solutions. Thus a stabilising effect of the divalent cations
(Frankenhaeuser and Hodgkin 1957) must be invoked to explain
the extra increase in threshold. This might occur by a
direct binding of calcium (or manganese) to anionic membrane
sites or by a charge shielding effect i.e, a build up of a
layer of divalent cations adjacent to the negatively charged
cell membrane (Gilbeft and Erhenstein,1969). Both effects
could hinder the approach, or binding of,»sodium to the
membrane. This would in effect reduce the sodium concentration

local to the membrane,. Alternatively changes in the electric
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field within the membrane, as a consequence of the presence
of extra divalent cations, could influence the gating of the

sodium current of the actlon potential.

The upstroke of the action potential appears to result
from a rapid inward sodium current (Hodgkin and Huxley, 1952 .
A,B,C; Brady and Woodbury,1960). Manganese has been shown
to slow the maximum upstroke velocity of the action potential
in frog ventricle (Hagiwaraand Nakajima,1966;Coraboeuf and
Vassort,1968) as does calcium (Ware,1961; Niedergerké and
Orkand,1966). Thus despite the membrane hyperpolarisation
in high ménganese and calciumAsolutions a decrease in the
peak sodium conductance probably occurs. However the decrease
in 6vershoot in\manganese is unlikely to result solely from
a decreased sodium conductance. Niedergerke and Orkand
(1968) found the overshoot to be highly dependent upon the
external calcium concentration in frog heart and much less
so on the sodium concentration. They found mx;8.3 mV change
in overshoot for a 10-fold change in calcium concentration,
Thus the decrease in overshoot 1n manganese is more likely.to
have been due to an inhibition of transmembrane calcium
movenent, As was suggested earlier, manganese might be able
to substitute for calcium to some extent as a charge carriér
in this process (see also Ochi, 1970). If this is the case
then the observed effect of manganese on the overshoot might
be the resultant of two opprosing influences, (a) a decrease
in overshoot produced by the inhibition by manganese of calcium
entry and (b) an increase in overshoot due to a manganesé
inward current. These two processés could give a curve of

the kind seen in Figure 4, However it would seem that many
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of the other effects observed in manganese and high calcium
solutions a_re‘ best accounted for by assuming a decreased
resting sodium conductance, and a reduction of the peak
sodium conductance associated with the dépola_risation of the

action potential.



PART 2. MANGANESE AND THE CONTRACTION
OF THE HEART.

METHODS (2)

(1) The preparation

The preparation chosen for contracture experimenks was
the thin auricular trabecula, This has the advantage that
it is much thinner (1 - 2 mm long with a diameter of 40 -
IOO‘p). than ventricular strips so that solutions can
equllibrate more rapidly through the preparation. Thus the
rapidly developing contractures, produced by the various
test solutions, and their subsequent spontaneous relaxation
will be less limited by the tiﬁe for diffusion in the extra-
cellular spaces. Auricular trabeculae are also much more
robust and more easlly isolated than the thinnest ventricular

trabeculae.

(2) general procedures

The 1solation procedure and the mounting of the preparation
was identical to that described in Part 1 for ventricle strips
except that greater care is required with auriéular trabeculae

in vieﬁ of the small dimensions.

The auricular trabecula can be consldered as being
approximately equivalent to a single skeletal muscle fibre
in cross sectional area but is shorter in length, Response
times would be anticipated to be slightly longer in the
auricular trabecula because of its multifibre nature i.e,
diffusion is required for solutions to obtain accessito the

surface membranes of central fibres. The maximum contractile
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forces obtained with auricular trabeculae are approximately
3,000 times the wet weight of the tissue. This is somewhat
less than that obtalned with single skeletal fibres and is
probably related to the lower proportion of contfactile

proteins in cardiac muscle (Katz,1970).

Reproducible contractile responses can be obtained from
undamaged preparations for up to 10 hours. Damaged preparations
normally show a rapid deterioration in the size of the
contractile response and can therefore be abandoned at an early

stage in the experiment,

To compensate for any unidirectional drift in contractile
fofces a "mirror image" procedure (Chapman and Niedergerke,
1970A) was adopted for the sequence in which the comtractures
were carried out i.e., contracture solutions were applied in a
given sequence (normally alternating between large and small
responses), the sequence was then performed in the reverse

direction.

(3) Tension measurements.

The muscle length was adjusted to produce maximum twitch
tension at the beginning of the experiment. This was checked

again after an hour long equilibration period.

At the end of all experiments the muscle was gently

blotted and weighed on a torsion balance.,

The tension transducer (Endevco 8107-2) allows small
tension measurements (compliance 3.2 x lO"Li mm/mg, equivalent
to 0.6% change of resting length for a force of 20 mg). The

transducer forms two arms of a Wheatstone bridge circult
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energised by a Southern Instruments M.1271 bridge power
supply. The transducer outpﬁt, after amplification by a
Southern Instruments M.1266 d.c. amplifier, was fed to a U,V.
chart recorder and a Tektronix 564 B storage oscilloscope.
Tenéion and its first time differential (obtained by an R-C_
network with a variable time constant) were simulténeously
displayed on the U,V, recorder using 1 KHz galvonometers.

The differentiating circuit was calibrated by ramp voltages
obtained from an osciilosc0pe time base. The transducer

was callbrated with a serles of known weights.-

An Ampex F.M, tape recorder enabled a permanent record of
most of the experiments to be obtained. The illustrations

were obtained by replay of the recorded experiments.

(4) Statistical analysis

where possible meansare calculated (¥ s.D. or S.E.).
These and regression lines and their correlation coefficients
were calculated with the aid of a Wang programmable calculator.
Similarly Kh and Vmax values for plots of the Lineweaver-
Burk type were obtained by use of the calculator to give
"best lines" and intercepts by a least squares regression

analysis.
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RESULTS (2)

(1) Effect of manganese on the twitch contraction

Addition of manganese to the solution perfusing frog
heart muscle produces a rapid inhibition (t% = 3% - 5 sec)
of twitch tension (Pigure 9, first arrow). There is a
slight recovery of twitch tension and a slowly developing
contracture appears with longer periods in manganese con-
taining solution (as described by Chapman and Ochi,1971).
On return to normal Ringer lacking manganese (second arfow)
a larger contracture develops and twitch tension is “
potentiated. This contracture relaxed fully after a further
10 - 12 minutes in normal Ringer. The contracture 1ﬁ
manganese solutlons 1s not due to depolarisation. There is
in fact a significant hyperpolarisation at this time (as
described in Part I). The contracture presumably results
from an increased . sarcoplasmic calcium concentration. If
it 1s assumed, as is widely accepted, that manganese iﬁhibits
calcium influx into cells then the contracture development

appears somewhat anomalous.

The rapld inhibition of twitch tenslon of manganese would
suggest a superficial site of actlion e.g. the cell membrane.
The twitch contractions in frog heart are very sensitive to
the external calcium concentration (Chapman and Niedergerke,
1970), so it would not be unreasonable to assume that the
rapid inhibition of tension results from a decreased trans-

membrane calcium influx.

The duration of the action potential controls the duration
of contraction in cardiac muscle (Xavaler,1959). Therefore a
possible cause of the decrease in twitch tension in manganese

might appear to be the shortening of the actlon potential



Figure 9.

Manganese 1inhibition of twitch contractions. Record
shows contractlile tension produced by a regularly stimulated
(4 min-l) frog atrial trabecula. 8 mM manganese was added

at the first arrow and removed after 10 minutss at the secon

The dashed line gives the resting tension of the muscle.
The deviation from resting muscle tension indicates the

development of a contracture.

Stimulus strength was maintained at 6 x threshold. Calc}

concentration was 1 mM.
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duration. However this could only partially contribute

to the tension decline as electrical differentiation of the
tension signal shows that manganése'produces a large decrease
in the rate of rise of twitch tension but only 2 small
decrease in the time to peak tension (the latter being

proportional to the action potential duration).

A study of the effecfs of manganese on the twitch cohtract-
ion is made difficult by the complicating factors of (1)
contracture development in manganese Ringer (2) biphasic
changes in the duration of the active state (3) variation
of action potential duration with stimulus intensity and (&)
threshold increases. In an attempt to circumvent these
problems theueff;ct of manganese on the contracture responées
(sustained contractions) induced by high potassium (Chapman
and Tunstall 1971) and low sodium (Chapman,l1974) solutlons
have been studied. High potassium solutions produce a
sustained depolarisation in frog heart muscle (Niedergerke,

1956) thereby eliminating any problems associated with changes

in the action potential duration.

(2) Manganese and the potassium-rich contracture

Flgure 10 illustrates the results of a typical experiment
on the effect of various manganese concentrations on the
contracture induced by 100 mM potassium solutions. The
triangles and circles represent contracture tension in 4 and

2 mM calcium respectively.

In the absence of manganese the application of 100 mM
potassium Ringer produces a contracture proceeded by a twitch

contraction as the muscle is depolarised. This twitch



Figure 10.

Manganese inhibition of the potassium-rich contracture.

Top: graph shows the maximum contracture tension produced
by 100 mM potassium Ringer (Solution F, Table 1) in the

presence of 4 mM (triangles) and 2 mM (circles) calcium.

Bottom: Tension recordings of the contractures, The
regular upstrokés on the tension recordings at the beginning
and end of each contracture are solution changing artifacts
and indicate the time of addition and time of removal of
the 100 mM potassium Ringer. janganese was added 30 secong
prior to the contracture inducing solutions containing
manganese. to permit its extracellular equilibration., After
each contracture the muscle was allowed to recover in normal
Ringer solution for 16 minutes while being stimulated at a
rate of 4 min"! ., The stimulator was switched off during
contracture measurements, the contracture solution being
introduced 15 seconds after the preceeding twitch, This
general procedure was adopted for all the contracture

experiments illustrated in this work.

Temperature 23°C.
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contraction is greatly inhibited in manganese solutions but
the potassium-rich contracture is much less sensitive to

manganese inhibition,

Prior to the application of contracture inducing solutions
containing manganese the muscle was pretreated for 30 seconds,
with an equal concentration of manganese in normal Ringer.

The procedure was employed in all the contracture experiments.
Longer pretreatments were not employed because of the
complicated responses observed after 1ong.periods in manganese
(as described earlier); Pretreatment periods of jo seconds
in manganese solutions were sufficient to produce maximal |
inhibition of subsequent contractures. Almost complete
equilibration of manganese in the extracellular space was
possible with this pretreatment time as the half-time of
solution exchange in these preparations has been estimated as

approximately 3 seconds (Chapman and Tunstall, 1971).

There was quite a large inhibition of the potasslum-rich
contracture tension in the range O to 4 mM manganese but little
further inhibition in the range 4 to 16 mM (Figure 10). The
small decrease in tension between 4 and 16 mM manganese could
be partly due to hyperpolarisation of the céll membrane caused
by manganese combating the extent of the potassium depolarisation
(Table 2 gives values of the membrane potential measured in
normal Ringer and in potassium-rich solutions with and without
8 mM manganese. Manganese produced a significant hyper-
polarisation in potassium-rich solutions although the hyper-
polarisation was smaller than in normal Ringer). In order

to avoid reducing the sodium concentration and thuspreducing

contracture potentiations (Luttgau and Niedergerke,1958;



TABLE 2

Solutions Resting Standard error Number Significance
Potential of mean of cells of hyper-
polarisation
mV my P
3K 1Ca 82.6 0.6 51
< 0.001
8Mn 3K 1Ca 88.1 0.9 25
15K 1Ca 59.2 0.6 by
< 0.001.
8Mnl5K 1Ca 63.0 0.7 43
100K 1Ca 20.3 0.5 4o
<0.02
8Mn 100K 1Ca 22.0 0.5 iyl

Effect of manganese on the membrane potential in four
ventricle strips in normal and potassium-rich Ringer. .
Potassium-rich solutions were hypertonic. 85 mM Tris
chloride was added to solutions containing 15 mM potassium
to equate the tonicities. Concentrations are expressed

as mM/litre.



Chapman and Tunstall,1971) manganese was added without
osmotic balancing 1l.e. manganese solutions were slightly
hypertonic. High tonicity produces a small decreasé of the
potassium-rich contracture tension (Chapman and Tunstali,
1971) but the slight hypertonicity of the manganese solutions
is unlike1y>to have contributed greatly to the decreased

tension in the range 4-16 mM manganese,

Low concentrations of manéanese have a large effect on
the twitch contraction and on contractures induced by low-
sodium solutions (described later), Both of these latter
types of contraction appear to be highly dependent upon the
influx of extracellular calcium into the cells. The
experiments with potassium-rich solutions could indicate that
some of the calcium inducing these contractures is released
from calcium stores within the muscle by depolarisation as
approximately 4 mM manganese could be sufficient to inhibit
much of the transmembrane calcium influx. Alternatively
the potassium~rich solution could increase ﬁhe pefmeability
of the membrane to calcium thereby producing contracture
development even in the presence of high concentrations of
manganese, The effect of manganese over a range of potassium
concentrations (and thus depolarisation levels) was studied

to investigate this further,

(3) Effect of manganese on the tenslon-depolarisation curve,

Flgure 11 illustrates an experiment on the effect of
manganese on the contractures produced by various potassium
concentrations, Closed circles indicate contracture tensions
in the presence of 8 mM manganese, open circles tension in

the absence of manganese, In this experiment the sodium



Figure 11.

Contractures produced by depolarisation with potassium-

rich solutions.

Left: Maximum contracture tensions produced by depolarisat]
with various potassium-rich solutions 1in the presence (closg
circles) and absence (open circles) of 8 mM manganese.  The
contracture solutions were produced by mixing solutions A
and I (Table 1 ) so that the muscle was exposed toequi-
hypertonic (by approximately 280 m.osmoles) contracture
solutions. The 400 mM potassium solutions were produced
by adding solid potéssium chloride to solution H and were

therefore not equihypertonic to the other solutions.

Right: Contracture recordings from the experiment illustraf
on the left, Manganese was applied for 20 seconds prilor tﬁ
those contracture solutions that contained manganese. The
calcium concentration was maintained at 2 mM throughout the

experiment.
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concentration had been reduced by 50% to permit the use of
higher potassium concentrations without excessive increase
in tonicity. Luttgau and Niedargerké (1958) found that

the membrane potential in 50% sodium solutions did not differ
significantly from that in 100% sodium. Both changed by
approximateiy 11 to 12 mV for a doubling of the potassium
concentration over the range 10 to 100 mM, The extent of.
the depolarisation at the highest pdtassium concentration

in Figure 11 1is difficult to estimate, These points are

therefore included only as a qualitative comparison.

The presence of manganése in the bathing fluid did not
appear to shift the threshold for contracture devedopment to
higher depolarisation levels as it does in skeletal nmuscle
(stefani and Chiarandini,1973). However, as polnted out
by Lindly et al (1973), measurements of thresholds in multi-
fibre preparations are complicated by the presumed Normal
distribution of the thresholds in the population of fibres
so that there may be no distincet threshold for potassium- .
rich contractures either in the presence or absence of
manganese., Therefore any change of threshold will be difficult

to discern unless the change is very large.

In skeletai muscle manganese shifts the tension-
depolarisation curve to higher depolarisétion levels
(Edwards and Lorkoviec,1967; Chiarandini and Stefani,1973).
In frog heart muscle however there does not appear to be
a simple shift. The contracture inhibition by manganese
was not overcome even with the largest deﬁolarisations. In
other experiments the tension-depolarisation curve was
shifted to more negative levels by the use of higher calcium
or lower sodium concentrations (Niedergerke,l956) so that

a lower depolarisation would be required to produce a given
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tension,. However the inhibition by manganese could still

not be overcome by large depolarisations. This presumably
reflects the extent to which the potassium-rich contracture

1s dependent upon external calcium in skeletal compared with
cardiac muscle. In skeletal muscle the apparent inhibition

of the potassium-rich contracture merely indicates that an
increased depolarisation is reguired to produce a given tension.
In frog heart muscle a significant portion of the potassium-
rich contracture appears to depend upon calcium influx. The
inhibition of this influx by manganese cannot be overcome by

increased depolarisation levels,

Fufther evidence that the potassium-rich contracture iﬁ
cardiac muscle has a greater dependence on external calcium
than skeletal muscle comes from the fact that increased calcium
causes a simple shift of the tension-depolarlsation curve to
more positive potentials in skeletal muscle (Luttgau,1963;
Constantin, 1968) similar to the manganese effect. However
in frog heart increased calcium potentiates the potassium-
rich contracture and shifts the tension-depolarisation curve

to more negative potentials (Niedergerke,1956).

A more accurate representation of the tension produced at
the various depolarisation levels (Figure 11) can be made by
applying a small correctlion which compensates for the hyper-
polarising effect of the manganese, This correction is too
small to greatly affect the curve at high potassium
concentrations but a crossovér of the curves at very low
potassium concentrations may occur (observed in 5 of 6

experiments).
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These results have shown that the tension-induced by
depolarisation wlth potassium-rich solutions is not very
sensitive to manganese inhibition. However, tension is
proportional tq_the ratio [bﬁl//[Né]2 in frog heart
(Willbrandt and Koller, 1958). This could mean that the
inhibition caused by sodium 1s so large as to hide the effects
of manganese especially 1f the affinities for manganese and
sodium are similar becéuse the latter is present in such
higher concentrations. Therefore the effects of manganese
on the contractile response in solutions with a low sodium

content has been investigated.

(4) The low-sodium contracture and sodium substitutes

Reduction of the sodium concéntration in the solution
bathing frog heart muscle results in the development of a
large contracture (Luttgau and Niedergerke,1958; Chapman,
1974). This occurs in the absence of membrane depolarisation.
An initial investigation was carried out to try to obtain the
most appropriate sodium replacing ion, Figure 12 illustrates
contractures induced by the total replacement of sodium by
Tris, lithium or sucrose.. Tenslion was produced rapidly in
each case and was followed by a complete spontaneous relax-
ation of tension within approximately 3 minutes. The peak
tensions produced by sodium removal were similar but the rate
of rise of contracture tension was normally sligﬁtly slower

in lithium,

Figure 13 shows an experiment which compared responses in
lithium (squares) and in Tris (circles) at various sodium

concentrations, The contracture solutions were produced by



Flgure 12

Contractures produced by the removal of sodium from
the normal Ringer, Sodium was replaced by Tris, lithium
- or sucrose (solutions B,C and D respectively, Table 1)

The calclium concentration was 1 mM throughout.
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Flgure 13,

Comparison of the substitution of lithium and Tris

for sodium.

Left: Maximum contracture tensions produced by low-sodium
solutions with Tris (circles) and lithium (squares)
substitution.

Right: Contracture recordings. The contractures were not
allowed to relax spontaneously, the muscle being returned
to normal Ringer after 30 seconds’in the low-sodium sdlutio
The reintroduction of sodium produced a rapid return to the

resting tension.

In the normal Ringer the muscle was electrically stimuj
i

(rate 4 min"l) and the resultant twitch contractions can b

seen on the tension records.

!
|
Calcium concentration was 1 mM. , :
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mixing solutions A and C, and A and B réspectively (Table 1)
for the two sodium replacing cations. The rather large
spread of tensions was due to a slow decrease in contracture
tension throughout the course of this experiment. A."mirror
image" contracture sequence (see Methods) was employed, the
responses to lithium substituted low-sodium solutions being
sandwiched between those produced by Tris substitution 6f
sodium. Theée experiments show that there is very 1little or
no difference between'the responses of the muscles when either

of these two cations are used to replace sodium.

Hydrazine when used by Hille (1971,1972) was found to be
able to substitute for sodium as a current carrier through the
sodium channel in the Node of Ranvier of myelinated nerve,
Figure 14 shows a comparison between the contracture responses
obtained by Tris and by hydrazine replacement of sodium.
(Hydrazine chloride was produced by acidification of hydrazine
hydrate with hydfochloric acid). Hydrazine replacement,of.
sodium produced contracture tensions 10 to 30% greater than
those produced by Tris,'lithium or sucrose replacement.
Spontaneous relaxation was slowed in hydrazine solutions.

Figure 15 illustrates an experiment comparing the effects of
hydrazine (triangles) with Tris (circles) replacement of sodium.
The responses are clearly potehtiated with hydrazine
substitution. This potentiation of the zero-sodium contracture
- by hydrazine is possibly related to the potentiation of the
twitch response by hydrazine in normal Ringer (Matoba, 1973).

In the present experiments a small contracture could be

produced simply by the addition of 10 - 20 mM hydrazine fto

normal Ringer.



Figure 14,

Contractures produced by the total replacement of
sodium by Tris (top) and hydrazine (bottom), solutions

B and E respectively in Table 1. 1 mM calcium.
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Figure 15,

Comparison of contractures produced by substitution

of Tris and hydrazine for sodium.

N\

Left:- maximum contracture tensions produced by low-sodium
solutions with Tris (circles) and hydrazine (triangles)

substitution.

Right:- Contracture recordings. Solutions were produced
by mixing A and B, and A and E (Table 1) for Tris and

hydrazine substitution respectively. 1 mM calcium.
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Replacement of sodium by magnesium produces much smaller
contractures than any of the substitutes described above
(less than 20% of the contracture tension produced with the
Tris substitution for sodium), indicating that magnesium
has a weak 1phibitory effect on the response to reduced sodium

concentrations.

In order to study the antagonism between calcium and
manganese it 1s necessary to find a sodium substitute that
shows little or no calcium antagonism. All of the sodium
substituﬁes tested have some drawbacks: suérose is non-ionic
and thus membrane potential changes are likely due to the
low ionic strength of the Ringer; Tris appears to be able to
penetrate the cell membrane 1in its unionised form and could
thus participate in intracellular reactioﬁs in a similar
manner to other primary amines (Mahler; 1961); 1lithium
accunmulates intracellularly and is apparently not removed by
the sodium pump (Keynes and Swan, 1959), lithium also has
some sodium-like effects (described later); choline can only
be used in heart muscle in the presence of atropine, and has
to be well purified prior to use or toxic effects are apparent;
hydrazine has clear potenﬁiating effects under most conditions

some of which are not readily reversible,

Tris-chlbride was flnally chosen as the best sodium
replacer because it had the fewest drawbacks as a sodium
substitute, In experiments with Tris the heart was able to
sustain repeatable responses over long periods (up to 10 hours).
Tris had the added advantage that it could be used as a buffer
in all the solutions employed without precipitation or

complexation of the divalent cations used. This was the
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sodium substitute used in most of the experiments to be
described but the responses were normally checked to be

reproducable in at least one other of the above substitutes,

(5) Inhibition of the sodium-free contracture by manganese.

Figure 16 (top trace) shows the normal contracture
produced by removal of sodium. The middle three traces
illustrate that the addition of 8 mH manganese (between the
arrows) produced a rapid decrease in contracture temnsion.
Removal of manganese permitted a returﬁ of tension almost to
the level prior to manganese addition. This was followed
by the normal spontaneous relaxation, The bottom trace
shows that pretreatment with manganese for 30 seconds before
the removal of sodium (also in manganese) almost completely

blocks the contracture response.

Tgure 17 shows the effect of various manganese concen-
trations on the sodium-free contracture. The tensionv
recordings (right) show that the contracture response in
manganese becomes biphasic. Low manganese concentrations
slow the rate of rise of the contracture, increase the time
to peak contracture tension and decrease that tension.

Higher manganese concentrations cause the contracture to split
into two distinct components, an initial phasic response and
a later tonic tension. The contracture responses are

completely blocked in high manganese concentrations.

There was a wide variation in the sensitivity of the low-
sodium contracture to manganese inhibition e.g. 2 mM manganese
produced 697 26% (S.D.) inhibition. Some of this variation

appeared to be due to differences in the batches of frogs



Figure 16,

Inhibition of the tension induced by perfusion with
low sodium solutions by the addition of manganese at
Avarious times during the contractures. Top recofding:—
Normal sodium-free contracture in the absence of manganese,
Middle three recordings:- 8 mM manganese was added for
various periods of time (between the arrows)

Bottom recording:- 8 mM manganese was applied for 30
seconds prior to the sodium-free solution (also containing
manganese ), Tris was substituted for sodium; the calcium

concentration was 1 mM throughout, 20°C.
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Figure 17.

Dose-response curve for manganese inhibition of the
sodium-free contracture, Maximum sodium-free contracture
tension (Tris substitution) in the presence of various
concentrations of manganese is expressed on linear
coordinates (left) and log-log coordinates (middle).
Slope of the log-log plot was 1.87, coefficient of correl-

ation 0.8820. 1 mM caleium throughout.
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used. The experiments were performed on both summer and
winter frogs and these have significantly different 1nternal.
ionic contents, particularly for sodium (Novotny and Bianchil
1973) and calcium (de Boer, 1918). Another possible source
of the variébility was that although the frogs were obtained
from the same supplier they originated from different

populations, tropical and sub-tropical.

There is a steep relationship between the concentration
of manganese and the inhibition of the low-sodium contracture.f
When plotted on log-log coordinates (as in Figure 17) a
straight line relationship resulted and in ten experiments
had a mean slope of - 1,97 0.32 S.D. Three experiments
with nickel had a mean slope of - 2,07. The corresponding
value for cobalt was -1.80 (two experiments). In most
respects the inhibition produced by cobalt and nickel appeared
similar to that of manganese. However nickel and cobalt
tended to produce slightly greater inhibition of the initial
phasic response of the contracture and less of the tonlec

tension (Figure 18).

Cadmium produced a similar inhibition of the low-sodium
contracture but was approximately ten times more effective

at producing inhibition than manganese.

(6) The membrane potential in sodium-free and manganese

solutions,

The inhlbition of the low-sodium contracture by manganese
is unlikely to have resulted from an effect on the membrane

potential. Table 3 gives the results of resting potential



Figure»18.

Sodium-free contractures induced in the presence of

4 and 12 mM manganese (left) or nickel (right). The Bar
over the contracture recordings gives the duration of
exposure to manganese or nlckel solutions. Note the
greater inhibition of the twitch contraction by nickel
than by manganese but for the sodium-free contracture
response there is a larger inhibition by manganese than
by nickel of the tonic tension of the contractﬁre and vice
versa for the phasic contraction. The calibration barr

(right) gives the size of the uninhibited sodium-free

contracture, Calcium concentration was 1 mM.
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TABLE 3

Normal Sodium-free  Sodium-free 8 mM manganese
Ringer Ringer Ringer Ringer
' ' 8mM manganese _

Resting

potential 82.2 86.6 89.8 88.6
(mV)

Standard

Error(mV) 0.6 0.8 1.2 0.7

Number of

Cells 47 33 33 | 33

Students t-test for significant difference between

Sodium-freeand Normal Ringer P<L,L,001
Sodium-free, 8 mM manganese & Normal Ringer P< .00l

Sodium-free, 8 mM manganese & Sodium-free P< .05
Ringer

8 nM manganese Ringer & Normal Ringer P< .001

The results given are the mean membrane potential (mV)
as measured from 4 ventricle strips. Concentration of
calclum was 1 mM in all solutions. Sodilum was substltuted

by Tris in the sodium~-free solutions.
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measurements in four ventricle strips,. The sodium-free
solutions produced an increase of resting potential (see
also Chapman,l1974). Manganese produced a slight further
hyperpolarisation. Howzver, such changes should have
little inhibitory effect on the contracture response because
similar hyperpolarisation by low potassium solutions (see

Figure 26) permit large low-sodium contractures.

(7) The dependence of the low-sodium contracture on the.
calcium and manganese concentrations.

The manganese inhibition of the sodium-free contracture
was further investigated by changing the calcium concentration
at various manganese concentrétions as 1s illustrated in
Figure 19 (open circles in 5 mM manganese, closed circles in
2 mM manganese). The experiments were performed over the
lower tension range of the muscles (normally less than 15%
of the maximum contracture tension) where any cooperativity
in the calcium transport system can be studied (Chapman,l1971). -
The mean slope of log-log plots of nine similar experiments
in which the polnts fitted a straight line with a coefficient

of correlation of greater than 0.90 was 2.10% 0.21 S.E.

It can be seen from Figure 19 that an x -fold increase
in manganese concentration is approximately equivalent to an
X -fold reduction in calcium concentratilon. Thus the ratio

"
Lcé}9/hﬂﬂ for equal tenslon production was measured at
z o)

various tension levels, The mean ratio was found to be
0.98% 0,08 S.E. (13 experiments). The proximity of this
ratio to one indicates that under the conditions of these

experiments tension is proportional to[?a]g//[MnJ )
. o



Figure 19.

Maximum sodium-free contracture tensions produced by
various concentrations of calcium in the present of 2 mM

(filled circles) and 3 mM (open circles) manganese,

A. A logarithmic plot of the maximum contracture tensions
in various calcium concentrations. The straight lines
have been drawn according to equation 7 with M = 2,

X =1, K. = 2,0 and @ = 15,

i

B. A double-reciprocal plot of the same results as in A. .

The continuous lines are regression lines,
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A reasonable explanation for the inhibition of contracture
tension by manganese would be a competitive binding by
manganese at a site normally occupied by calcium. The
normal methods ofAtesting for competitivé inhibition in
enzymic reactions have been applled in these experiments.
Expression of the results in a manner similar to the Line-
weaver-Burk plot suggests that the inhibition by manganese
is of a competitive nature (Figure 19, right). Here the
reciprocal of the square root of contréctﬁre tension (of
the results on the left of the figure) have been plotted
against the reciprocal of the calcium 00ncentfation. The

square root function has been used because of the power

relationship between tension and calcium concentration.,

The lines drawn through the points in 2 and 5 mM manganese
have a common intercept with the y - axis. This suggests a
competitive antagonism'betweenlcalcium and manganese‘at a

site which can lead to tension production.

The power relationship observed between tension and the
calcium and manganese concentrations indlcates that tension
is proportional to]?é}og and VTE;]O (since the slope of
log tension versus the log of the calcium concentration was
approximately + 2 and log tension vefsus the log of the
manganese concentration was approximately -2). This is in
accord with the results of Chapman (1974) where by alteration
of the sodlum concéntration the strength of the contracture

produced was found to vary by the [Ca;' 02 and theu\/ [Na]o .

The antagonism between calcium and sodium in frog heart

has been analysed (Luttgau and Niedergerke,1958; Chapman,1974)
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by assuming that both cations bind to an anionic receptor

site according to the equation,

Ca + Na, R =+ CaR + 2Na (1)

A similar antagonism between calcium and magnesium has
been studied at the frog neuromuscular junction (Jenkinson,
1657; Dodge and Rahimimoff, 1967). In this case the calcium

and magnesium were assumed to bind to a receptor site X

such that,
Ca + X & CaX {aa)
Mg + X =& Mg X - (2B)

Although the models are very similar, they differ in that
the receptor site or molecule is assumed to be able to exlst
free as X 1n the latter case, In the model presented for
frog heart the receptor R can only exist 1n combination with
calcium or sodium (or manganese or any other inhibitor). The
predictions of both models have been assessed in order to
estimate their applicability to the responses observed in the

present experiments in frog heart muscle,

In the second model, 1f the normal ﬁonmenclature for
enzyme inhibition is applied, and Xo is the.total conqentration
of enzyme (receptor) bound and unbound and IX is the
concentration of enzyme bound to the inhibitor (e.g. manganese),

then from equatlons similar to 2A and 2B,

[ca] ([x,) - [eax] - [mx]) = mm  [cax] (3n)
Ll (%] - o) - []) = wm [1¥ (38)

where Km is the
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dissociation constant of CaX (equation 2A) and Ki the
dissociation constant (inhibitor comstant) of IX (equation 2B).
Thus assuming the total number of receptor sites (Xo) is

finite,.

ax] = w [ O

@a] + Km (l""f(LJP') v

where (O 1is a constant. Tension is assumed to be proportional

- T .
to f_CaX] i.e. NV 1s the number of CaX molecules required

to generate tension at the unit level.

Equation 4 is the usual equation of simple competitive
inhipition 1n an enzyme process where [Ca:l corresponds
to the substrate concentration and [Ca}g] corresponds to the
rate at wvhich the reaction proceeds (tension production in

this case).

Thus in a Lineweaver-Burk plot of the type 1llustrated
in Figure 19 the intercept with the 3¢ -~axls 1s equivalent to

1
- [I] ——— i.e. the reciprocal of the apparent Km.
Km 1+ ' '
()

If, -,8= Km(l +[2)

then ' Ki = Km EI]
A - Km
R e o
so that at two inhibitor concentrations [I,; and L_I2J
there will be two lines intercepting the X-axis at /—81—- " and
1

L
Ao



Thus  Ki = 5] amd KL - LIQJ_
£y -En Py - m
. km [I,] _ K !_5:2}
o Bl - Km ﬁ 2 - Knm

[11]52‘ - [12]'515
E[l] - Fz]

which gives, Km =

(6)

From experiments where manganese can be considered to be
the inhibitor (I) the Km has been calculated by substitution
of values of I and f? into equation 6, The mean value of
the Km was -0.07= 0.3%6 S.E. ( 6 experiments, where all points
fitted straight lines with a coefficient of correlation
greater than 0.90). A negative Km‘is of course not feasible
thus we would be forced to conclude that Km is very close to
zero. From the values of the Km so obtained the Ki can be
calculated from equation 5. The mean value was found to be

0.66% 0.59 S.E. (1 = 6).

The low value of the Km (i.e. close to zero) suggests a
tight binding of calcium to the receptor, The binding of
manganese (as indicated by the XKi value) appears somewhat less

strong.

As these results, indicate tight binding of the cations
to the receptor they could Justify the use of the first model
(equation 1) adopted for frog heart i.e. that the receptor
can only exist in combination with a cation. The cations

can thus be envisaged as undergoing exchange reactions with
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the receptor in a manner similar to the processes that occur

in the operation of an ion-exchange resin.

From equation 1 Chapman and Tunstall, (1971) derived

the equation,

aR w[Ca] » KCa ) - A
[C ] [Na] 24 A[Ca] Ko o

where @ 1is a constant and KCa is the equilibrium constant

of the reaction. They found that the contracture responses

could be fitted by the equation,

(7)

: i ( ©w [Ca]O Ksa )'n
max oC : ——

{Na] 02 + [C&]o KCa

where Cmax is the maximum contracture tension and w and oC
are proportionality constants. The value of . was found to
be 3 for contracture tension produced by depolarisatioh of

the muscle.

Equation 7 has to be modified in the presence of manganese,

if,

Ca + Na,R & CaR + 2Na (with equilibrium constant Kl)

and it is assumed that the interaction of manganese with the

receptor is similar then,

Ca + MR R = CaR + Mn (with equilibrium constant K2)\

then, [Ca R‘[ [Na] 2

. [Nag Rj = (TA)




50.

and [Mn R] = [ca R ] (7B)

feal  x

2

It is assumed that

Na2 R + Mhnh R + CaR =1

i.e. R is finite with a total concentration of 1,

then
[ca £] [¥al® + [car] [im] ]
@ﬂ' ﬁ | Eg Ké +@aﬂ= 1
_ 1
S v L
Klﬁﬂ K, [ca]
'Thus‘ w [Ca]

T
“max =°C[ ca] + a2 + [mm] } ®)

Kl K2

. _ 4 —
As tension was found to be proportional to [pé]og \/B%ﬂ
)

and \/Bﬁﬂ for low-sodium contractures then M 1is assuméd to

equal 2.

From eguation 8,

\/Cmax = - il T
)

This equation is similar to that describing a rectangular
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hyperbola. Thus a Lineweaver-Burk plot can be applied.
L 1 » 1 :
A plot of ’<ycmax versus Eiﬁ- gives a line with an

intercept on the x-axis of

INa!2 + |Mn
R >

SN SR

2

for experiments similar to that shown in Figure 19 the sodium
concentration will be constant (and near to zero) at the time
of the tension measurements. Thus at two manganese

the difference between <the
1

concentrations, \Mnl and Mng,

two intercepts on the X-axis ———— -

will glve

Thus K2 = . - where ﬁﬁj =.ﬁﬁl - ﬁ&z

The mean value of the equilibrium constant Ke has been
calculated for the same six complete experimeﬁts (of the type
shown in Figure 19). The mean value of Ky = 3.%6% 2,10 S.D.
(range 1.48 - 7.16).

One complete experiment with nickel gave a K, = 1.77 and

another using cadmlium produced a K2 = 0,37.
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The lines in Figure 19 (left) have been drawn according

to the equation,

o Bl, v
Cmax T oo — = '
Fﬂo-+ mﬂo
%
with =2 , o =1, K, =2.0 and @ = 140,

Not all the experiments were as successful as that
1llustrated in Figure 190. This was probably due to two
major causes, (1) potentiation of the later contractﬁres
in a series and (2) a slightly greater §ower relationship
than is given with M= 2, The potentiation of successive
contractures 1is probably related to the potentiated twitch
response and contracture development after long periods in
~manganese Ringer, Although manganese solutions were applied
for only short periods (45 - 90 seconds) with 15 to 20
minute 1intervening periods in normal Ringer, some reduction
in the inhibition produced by manganese was obser&ed. This
unidirectional effect was compensated for to some extent by
using the "mirror image" procedure for the contracture
sequence (described in Methods section). The decreased
inhibition could be a consequence of another action of manganese
possibly intracellular because evidence will be presented in
Part 3 that suggests that manganese is taken up readlly by
the cells and that its efflux in manganese-free solutions

is relatively slow.

The mean slope of the plots of log contracture tension
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versus log calcium concentration was 2.10% 0.62 s.D. This
conflicts with the results of Chapman (1974) where the mean
slope was found to 1.79% 0.26 5.D. However in tﬁe latter
case the experiments were performed 1n various low-sodlum
solutions and in the absence of manganese. As will be
discussed later the absence of Sodium in the present experiments
could account for this apparent discrepancy. The steep
relationship between tension and the calcium concentration

in these experiments means that & plot of the reciprocal

of the square root of contracture tension vefsus the reciprocal
calclium concentrationdid not always adeguately compensate for
the power relationship. Indeed a better fit for some other
experiments was obtained with the reciprocal of the cube root-
of contracture tenslon. However the calculated value of K2
was not significantly different in these other experiments.
Thus in three experiments where the cubeAroot of contracture

tension was used, K, = 3.20% 2,27 S.D.

In Figures 20 and 21 an experiment 1s illustrated where
the sodium, manganese and calcium concentrations were all varied.
Figure 20 (left) shows the contracture tension produced by
various sodium concentrations in the absence.of manganese
(closed circles), in 2mM manganese (triangles) and 4 mM
manganese (open circles). The calcium concentration was
maintained at 1 mM throughout. Figure 20 (right) shows the
low-sodium contracture tensions from the same experiment in
the absence of manganese in 1 mM calcium (closéd circles)
and 0.5 mM calcium ( open circles). The raising of the
manganese concentration and the reduction of the calcium

concentration can be seen to have different effects. Manganese



Figure 20.

Maximum contracture tehSions produced by low-sodium
solutions with variation of the manganese concentration

(left) and caleium concentration (right).

Left: Maximum contracture tensions producéd in the absencq
of manganese (filled circles) are compared with the respong
in 2 mM manganese (filled triangles) and 4 mM manganese

(open circles). 1 mM calcium throughout.

Right: Maximum contracture tensions produced in 1 mM
calcium (filled circles) are compared with the responses i1
0.5 mM calcium (open circles). All contractures in the

absence of manganese,

The solid lines have been drawn according to equation !¢

(Page 50) with Kl = 0.85, K, = 2.85, &« = 1,5 and

2
W = 4,320 (i.e. the maximum contracture tension predicte

by the Lineweaver-Buri: intercept with the tension axis in

|

Figure 21 right).
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Figure 21,

ILeft: Examples of the contracture responses to low-sodium
solutions from the experiment illustrated in Figure 20

(1eft).

Right: A double reciprocal plot of the results illustrateq
in Figure 20 (right). The intercepts with the caleium
concentration axls allow calculation of the value of Kl

and subsequently K (equation 8). The common intercept

2!
with the y - axis was taken as the value for @. Thege
values of Kl’ K2 and were used to produce the curved 1i

in ¥igure 20.
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reduces the maximum tension produced in zero -sodium
solutions whereas a reduced calcium concentration merely
shifts the tension curve to the left, the maximum contracture
tension in zero-sodium being unchanged. The tension
recordings of some of these responses are shown in Figure 21

(left).

Returning to the equation derived to describe the
contracture responses (equation 8), then in the absence of

manganese the term —%5— can be omitted. The value of Kl

2
for results of the type shown in Figure 20 (right) can be
calculated by using the same method as was used previously
to calculate the value of K2 from Figure 19 (Page 51 ).

It will be apparent that a plot of ‘%gémax versus }19%

will have an intercept with the X-axils of Ky .
pa]?
The results expressed in the form of a Lineweaver-Burk plot
2
are shown in Figure 21 (right). If we let o = N2
K
1

and at any two sodium concentrations (Nal and Nag) let the

difference between any two intercepts with the X-axis

= 91 - 92 = 63 , then
. 2 N2
65 = [Na1] - ﬁ\xaz.l
Ky ST
= 2 ™ 2
thus Na Na
I
©5

From various combinations of palrs of intercepts in

Figure 21 {right) the mean value of K, was found to be 0.80
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(range 0.73 to 0.83), An alternative method of calculating

Kl is directly from the intercept at any given sodium
concentration as the intercept = Kl . The mean value
nee
[vd

of K, calculated by thils method was 0.85.

The value of K2 can be calculated if two sodium-manganese
mixtures produce equal tensions while the calcium concentration
1s constant. If the sodium and manganese concentrations in

the two mixtures are [Nalj] , [Mn]] and E\iazll H E"mgl

respectively then,

o L] | w [ca] |
bl - B® - B e+ B? - fng

1 2

K

S S G ™ R O
o f1 K2 X K
) K, ( E‘Inl] - l}lné])

Ko ‘ -

o e ] - [vay]?

From sodium-manganese mixtures producing equal tension in
this experiment the mean value of K2 was calculated to be
2.84 (range 2,07 - 4.15) assuming Ky = 0.85. Therefore
using these values for Kl and K2 theoretical curves can be
produced according to Equation 8 for various concentrations of

sodium, calcium and manganese, The lines drawn through the

polnts in PFigure 20 are these calculated curves. The curves
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derived from equation 8 reasonably fit the observed

responses at low contracture tensions. HoWever the predicted
curves intercept the tension axis at about twice the observed
maximum contracture tension in zero-sodium, zero-manganese
solution. This 1s in accord wlth previous results (Chapman,
1974) where curves derived from equation 7 were found to
intercept the Yy - axls at points 1.5 to 2 times greater than
the observed maximum contracture tension,. Possible reasons‘
for this discrepancy have been suggested (Chapman,1974) and
will be considered in more detail later. ° It is notigeable
that in the presehce of manganese the predicted curves show

a much better fit with the observed responses even in zero-

sodium solution.

(8) Sodium-induced tension in the presence of manganese

A small increase in tension can be observed before the
relaxation when changing from a sodium-free solution (plus
manganese ) back to normal Ringer containing sodium (Chapman
and Ochi,1971). This "off response" suggests that the re-
addition of sodium may induce a small contracture. To
investigate this further, trabeculae were exposed to sodium-
free solutions (Tris'replacement) containing manganese,
thereby producing a small contracture, Various low concen-
trations of sodium were then reintroduced (Figure 22 left).
This resulted in an increase in contracture tension with a
maximum tension being induced by the addition 6f approximately

10 mM sodium (Figure 23 top).

Similar experiments were performed by the addition of

lithium instead of sodium (Figure 22 right). However the -



Flgure 22,

Sodium and lithium induced contraction in the presence

of manganese.

N

Left: Following exposure to sodium-free solution containing
8 mM manganese the addition of small amounts of sodium
(concentrations are expressed in mM/litre) is able %o

produce a contracture.

Right: Similar contractures are induced by the addition of
lithium (same preparation)but higher concentrations are

required,

The bottom right trace shows the normal manganese inhibited
sodium-free response without addition of lithium or sodium,

The calcium concentration was 1 mM throughout,
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Flgure 23,

Maximum contracture tensions induced by the addition
of various sodium(top) and lithium concentrations (bottom) ;
following exposure’to sodium-free solution in the pfesence;
of manganese, Both sets ol results were obtained from
the same preparation, 8 mM manganese was present during thé
addition of sodium and 16 mM manganese during the additionf

of lithium, The experimental procedure was as described

in connection with Figure 22. 1 mM calcium throughout .
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optinmum concentration for tension production is muéh higher
with lithium (Figure 23 bottom). This could be dﬁe to the
fact that lithlum does not show the same antagonistic action
to contracture production as sodiunm. Indsed as was shown
previously (Figure 12) lithium produces no inhibition of the

low-sodium contracture.

The contracture response to sodium or lithium addition is
biphasic. With the addition of high concentrations of sodium
or lithium only a short phasic response was observed followed
by a small tonic'tension_(Figure 22). The phasic response
may be the consequence of the gradual rise of the sodium
concentration through an optimum for tension prbduction and
then on to the inhibitory range at higher concentrations. .The
mean optimum sodium and lithium concentrations for these

experiments are given in Table 4.

Two other cations, hydrazine and hydroxylamine, ére also
capable of initiating contracture tension in the same way as
sodium (Figure 24), Hydrazine initiated the largest
contractures, a rfeature possibly related to its potenﬁiating

effects on contractile responses described previously.

An explanation advanced by Chapman and Ochi (1971) for the
apparently paradoxical effect of sodium initiating contracture
tension despite its knowninhibitory effects is that sodium
produces contractures Sy its action inside the cell. When
expos2d to sodium-free conditions the sodium concentration
wlithin the muscle cells should fall rapidly as sodium efflux
in cardiac tissue is very rapid (Novotny and Bianchi,1973;
Bosteels and Carmeliet,1972). It seems possible that undef'v

manganese inhibition of calcium influx the addition of sodium



TABLE 4

Optimum_Sodium Concentration for Tnducing

Tenéion in Manganese Solutions

Initial Tonic
Phasic Tension
Tension
Mean Sodium Concentration (mM) 11.1 9.6
Standard Deviation (mM) 3.6 1.1
Number of experiments (M) 4 L

Optimum Lithium Concentration for Inducing
Tension 1n Manganese Solutions

Initial | Tonic

Phasic Tenslon
Tenslon
Mean Lithium Concentration(mM) 58.3 ) 1.7
Standard Deviation (m!M) 30,1 25.2

Number of experiments (n) 3 >



Figure 24, ~

Comparison of the contractﬁres produceéd by hydrazine,
lithium, sodium and hydroxylamine following exposure to
sodium-free-solution (Tris substitution) in the presencé
of 3 mM manganese, All recordings from the same

experiment., 1 mM'calcium throughout,
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could increase calcium influx via a sodium-calcium exchénge
process similar to that suggested for squid axon (Baker

et al,1969) and guinea pig heart muscle (Reuter and Seitz,1968).
Thus in the presence of manganese the addition of small
amounts of sodium could induce dontracture rather than

produce its normal inhibitory effect. In‘fact it has been
observed that contracture tensions in high manganese
concentrations are larger in the presence of small amounts

‘of sodium than in its complete absence, This being the

case it would be anticipated that increasing the internal
sodium concentration would result in the potentiation of
contracture tension, In the presence of strophanthidin
(which would result in an increased internal sodium
concentration) the contracture responses are in fact increased
(Chapman,1974). It would abpear that the tension induced by
sodium and the other univaient cations in the present
experiments 1s indeed due to calciﬁm influx across the cell
membrane because such contractures are prevented if calcium

is absent from the bathing Ringer solution (Chapman R.A. -

personal communication.

(9) Effects of increased intermal sodium concentrations.

The internal sodium concentration was increased 1n these
experiments.by perfusion with low-potassium Ringer, 0.6 mM
(Keenan and Niedergerke, 1967). If the tension induced by
sodium addition to manganese inhibilted sodium-free contractures
was due to sodium acting internally then when the internal
sodium concentration is raised, therlow—sodium contracture
should show less inhibition by a given manganese concentration,

Figure 25 illustrates the effects of a reduced potassium
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concentration on the manganese inhibition of the sodium-free
contracture. The low potassium.solutions produced a
potentiation of the contréctures. Figure 26 shows the effect
of low-~potassium solutions on the responses to various low-
sodium solutions., The contractures in low-potassium
solutions are clearly augmented as are the twitch responses
(see tension recordings, bottom of Figures 25 and 26). This
potentiation in low-potassium solutions could be the result

of a direct influence of‘internal sodium on contracture
tension, alternatively it could be due to a long term increase
in the internal calcium concentration, This latter
possibility was suggested by ékperiments where the muscle was
maintained in 5 mM calcium Ringer (Figure 25 triangles).
Thirty seconds before a sodium-free contracture was 1nimated
the calcium concentration was reduced to 1 mM and malntained
at this concentration throughout the subsequent contracture,
This pretreatment would be sufflcient to reduce the external
calcium concentration during the contracture to approximately
1 mM i.e. to the same level as for the control responses
(Figure 25, squares) as the exchange time of solutions in
these preparations 1s about 3 seconds (Chapman and Tunstaii,
'1971). Thus it would appear that the concentration of calcium
in an intracellular compartment was raised whilé the external
calcium concentration had returned to the control‘level. The
clear potentiation of the contractile response indicates that
raising the calcium concentration in this compartment can
increase the contracture tension under the conditions of these
experiments, Therefore the potentiated contractures in

solutions with a low potassium concentration could simply be



Figure 25..

Effects on the sodium-free contracture of a reduction in
the potassium cbncentration of the bathing solution. The
Maximum sodium-free contracture tensions in normal (3 mM)
potassium solutions are represented by the squares in the
top graph. The contractures were inhibited by various
concentrations of manganese. The muséle was then perfused
with low-potassium (0.6 mM) Ringer. This potentiated the
twitch contraction and the.response to sodium-free solutions
(also containing 0.6 mM potassium), After approximately
60 to 90 minutes these tensions remained stable at a.new
higher level, The sodium free contracture responses in the
presence of 0.6 mM potassium were then tested over the same

range of manganese concentrations (open circles),

The muscle was then re-equilibrated in normal Ringer and
another set of measurements made in sodium free, 3 mM

potassium solutions (squares).

Finally the muscle was equilibrated in a high calcium
Ringer (5 mM) but with normal (3 mlM) potassium concentration
The responses to sodium-free solutions were measured over th
same range of manganese concentrations (triangles). - Howeven
in this case the muscle was returned to 1 mM calecium Ringer
for 30 seconds prior to the addition of the contracture
inducing solution which also contained 1 mM calcium. This
procedure was intended to reduce the extracellular calcium
concentration during these contractures to the same level asg
for those in the two previous parts of the experiment.
Bottom:‘ Some of the contracture recordings from the three

parts of the experiment.
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Figure 26,

Comparison of ﬁhe effects of normal (3 mM) and reduced
(0.6 mM) potassium concentrations on low-sodium contractures.
Experimental procedures similar to that described in
connection with Figure 25. The muscle was initially
perfused with normal 3 mM potassiuﬁ Ringer and the maximum
contracture tensions measured in various low-sodium solutlons

(open cirecles). -

After equilibration (60 to 90 minutes) in 0.6 mM
potassium Ringer the contracture response to low sodium
solutions (0.6 mM potassium) were recorded (closed sqﬁares).
The muscle was then returned to normal potassium Ringer befor
a final set of measurements were made. 1 mM calcilum

throughout.
Top: Maximum contracture tensions in the various solutions.

Bottom: Some of the contracture recordings. Note the
potentiation of the twitch comntractions as well as the low-
sodium contractures in solutlions with a reduced potassium

concentration.,
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due to an increase of the internal calcium concentration.
(Thomas, 1960, found a large calcium uptake by cells in
potassium -free solution in frog heart.) This does not
exclude the possibility that the‘increase of the internal
calcium concentration 1s being produced as a result.of an
increased internal sodium concentration. Therefore under
these conditions the degree of contracture response to low-
sodium solutions would appear to be dependent, at least to
some extent, on calcium other than that 1n the extracellular
solution. This may only be the case in conditions that
produce a very high internal calcium concentration. This
could increase the.response to contracture inducing solutions
as a result of the high sarcoplasmic calcium concentration

and the inability of calcium accumulating structures to take
up more calcium. Although the 30 second pretreatment in the
normél calcium concentration Ringer is sufficient to reduce '
‘the extracellular calcium concentration to control levels it
is probably insufficient to allow equilibratioq of:the calcium
concentration elsewhere in the muscle (two compartments with
slow exchange times have been recognised by Chapman ,1971 .
One of these compartments had a time constant for calcium

. changes of about 30 seconds. Therefore as this calcium source
has been suggested to be one of the two that produce the low
sodium contracture it would be anticlipafted that the contracture
responses would be potentiated 1f the calcium concentration

at this site had not returned to the control level), Thus
the problem clearly remains unresolved. Indeed it might well
prove difficult to show categorically that the contracture
potentiation in low-potassium solutions is due‘directly to an

increased internal sodium, directly to an increased internal
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calcium, or indirectly to an increased in%ternal calcium
concentration via an increased internal sodium concentration.
These changes may well be so closely interelated as to be

inseparable.

(10) Depolarisation-induced temsion and manganese,

Chapman and Tunstall (1971) found that the contracture
response to potassium-rich depolarising solutions varied with
the. cube of the calcium concentration (i.e. M = 3 in equation.7).
However the response to low-sodium solutions varied with the
square of the calcium concentration (Chapman,1974). This
suggested that an extra site for calcium release or binding
was available ih\potassium-rich solutions. The calcium
involved in the low-sodium response was suggested to originate
from superficial sites 1in the cell e.g. the cell membrane .,
Therefore rapld responses to external solution changes are
observed., The extra calcium source observed in the presence
of potasslum-rich solutions was supposed to correspond to the
slowest compartment described by Chapman and Niedergerke (197CA),
and this might correspond to an internal calcium store
(e.g. the sarcoplasmic reticulum) which releases calcium upon
depclarisation of the cell, If the two calcium sites involved
in the low-sodium contracture are also involved in the
potassium-rich contracture, then by eliminating the low-sodium
response it should be possible to observe the tension produced
by the extra calcium source in potassium-rich solutions. This
in fact appeared to be possible (Chapman and Ochi,1971). 1In
Pigure 27 the preparation was maintained in 40 mM manganese, a

concentration sufficient to almost completely inhibit the low-



Figure 27.

Contracture response produced by depolarisation with
100 mM potassiuqfridh solution in the presenceof 40 mM
manganese; When the low-sodium contracture is almost
completely inhibited depolarisation with potassium-rich

solution is still able to evoke a2 substantial contracture.
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sSodium contracture but when the potassium concentration was
raised to 100 mM a large contracture developed. This
contracture relaxed on return to normal potassium concentrations
despite the absence of external sodium. However these
depolarisation lnduced contractures are unlikely to be due
solely to internal calcium release because 1t has been shown
(R.A.Chapman unpublished) that these contractures are blocked

in the absence of external calcium. It could be that a -
small amount of "trigger" calcium is essential in order to
promote internal calcium release as has been suggested for
skeletal muscle (e.g. Endo egél, 1970) or on the other hand
calcium reléased during potassium depolarisation could

originate from the external-solution or from a membrane site,
The depolarisation might increase the gradient for inward
movement of CaR, the calcium complex responsible for contraction
(Niedergerke,1963A), or release calcilum from a membrane store

which has a rapid turnover of calcium,

If depolarisation was simply increasing the gradient for
CaR movement across the cell membrane 1t is unlikely that the
relationsbip of tension producticn to variation of the external
calcium concentration would be altered. This has been
investigated as is illustrated in Figure 28. The tension
recordings (bottom) are the responses evoked by 100 mM potassium
solutions lacking sodium but containing 12 mM manganese.
This manganese concentration was sufficient to inhibit
complefely the sodium-free contracture in the presenceof 1 mM
calcium. Graph A (Figure 28) gives the mean results from 4
similar experiments. The maximum contracture tension has

been plotted as a percentage of that produced in 1 mM calclunm.



Figure 28.

Contractures produced by potassium-rich solutions in
the presence of 12 -20 mM manganese, The figure illustrates
the results of 4 experiments where manganese was added at a
concentration sufficient to inhibilt almost completely the |
contracture response ﬁo sodium-free solutions in the presencs
of 1 mM calcium, The muscle was then equilibrated for
20 minutes at each of the various calcium concentrations
before the readdition of manganese and a 100 mM potassium-
rich, sodium-free solution with the calcium concentration

indicated.

The maximum contracture tension in these solutions has
been plotted as a percentage of the maximum contracture
tension in 1 mM calcium (left). Points give the mean (I S.I
of mean) of the 4 experiments. Some of the contracture
recordings from one experiment are illustrated at the bottom,
The contracture exhibited an initial rapid phasic response
(not very clear in the experiment illustrated) followed by
a slower rise to the maximum contracture tension. The graph
on the right shows the mean contracturé tensions of the
initial phasic response, again expressed as a percentage of
that in 1 mM calcium. The mean slope of plots of log
contracture tension versus log calcium concentration was 0,94
0.50 S.D. for the maximum contracture tension (left) and

1.39% 0.55 8.D. for the initial phasic response (right).
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(in these 4 experiments the manganese concentration required

to block the sodium-free contracture varied between 12‘and 20
mM). The mean slope of plots of log maximumn contracture
tension versus log calcium concentration was O.94f 0,50 S.D.
These results suggest that in potassium-rich solutiqns in

which the low-scdlium responses are blocked, the contracture
tension varies linearly with the external calcium concentration,
(The process of course shows saturation at high tension levelé).
It will be recalled that the relationship of tension to
external calcium varied with the cube of the calcium
concentration for potassium depolarisation contractures
(Chapman,1971). The present results suggest that in the
presence of high manganese concentratlons there is a simple
linear relationship with the external calcium concentration,
This might indicate that depolarisation is not simply

increasing the inward gradient for CaR.

The contractures were often more blphasic than those of
the experiment illustrated in Figure 28 (bottom). Where, as
in the case of the experiment illustrated, the two phases of
the contracture were not easily discernable the‘tension has
been measured after 10 seconds in the contracture solution.
The initial phase of the contractures exhibits a_s}ightly
steeper relationship with the external calcium concentration.
The mean shope of plots of log phasic contracture tension

versus log calcium concentration was 1.39f 0.55 8.D.

(11) The caffeine contracture and manganese

Caffeine evokes contractures in skeletal muscle probably
by releasing calclum from the sarcoplasmic reticulum (Weber

and Hertz, 1968). At room temperature caffeine does not
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produce contracture in frog heart when applied in normal
Ringer (Chapman and Miller, 1974)., However, following a
contracture produced by potassiﬁm-rich and low-sodium
solutlons the addition of caffeine induces a large
contracture, In sodium-free solutions the application of
caffeine can induce a contracture even when the external

8

calcium concentration is reduced to 10 M and therefore
probably results from calclum release from an intercellular

store (Chapman and Miller,1973).

Pigure 29 (bottom) 1llustrates the combined results of‘ 
3 experiments where caffeine contractures have been produced
in sodium-free solutions in the presence (closed symbols)
and absence (open symbols) of manganese, If manganese
inhibits contracture tension by blocking calcium influx
across the cell membrane, then the caffeine contracture would
be expected to be unaffected by manganese, In these
experiments there was little or no inhibition of the caffeine
contracture by manganese except possibly at very low caffeine
concentrations, The caffeine contracture recordings from
one experiment are shown in Figure 29 (top). . These results
suggest that manganese does not produce its inhibitory effects
directly on the contractile proteins nor on calcium release
from intracellular calcium storage structures but that 1t
probably acts at a more superficial site e.g. the cell

membrane,

(12) The effects of D-600 cn frog heart nuscle

Verapamil and its methoxy-derivative, D-600 have been

used as inhibitors of calecium influx in heart muscle



Figure 29.

Effect of manganese on the contracture induced by
caffeine, Caffeine contractures were produced following
relaxation of sodium-~free contractures. The caffelne, also
in sodium-free solution, produces a rapid increase in tensior
which subsequently relaxes spontaneously. When manganese
was present it was added for a pretreatment df 30 seconds
in sodium-free solutfion before the addition of the caffeine
solution containing manganese, The combined results of 3
experiments are illustrated (bottom). The maximum
contracture tension in the presence (closed symbols) and
absence ( open symbols) of manganese have been plotted as a
fraction of the contraéture tension produced by 4 or 5 mM
caffeine in the absence of manganese'(scéled to be equal to
1.0). 1 mM calcium throughout.

Top: Some of the contracture responses from one experiment.
I
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(e.g. Fleckenstein et al,1969) and in squid axon (Baker
et al,1973). In the present experiments with'frog atrial
trabeculae the effect of D-600 has been compared with the

inhibitioh produced by manganese,

The drug D-600: was required in very large doses'(o.l -
0.4 mM) in order to produce significant effects. In suéh
concentrations D-600 produced an increase in twitch threshold
and an inhibition of the twitch contraction. It inhibited
to varying degrees the potassium-rich contracture but had
little or no effect.on the contracture produced by low-sodium
solutions even after 8 minutes pretreatment (Figure 30).
From the results with manganese, the low-sodium contracture
would have been assumed to be the most sensitive to trans-
membranevcalcium block. However the results in Figure 30
show one of the largest inhibitory effects on the sodium-free
contracture that has been obser&ed in these experiments.
Indeed in some experiments where the low-sodlum response had
become slow to reach its peak tension (e.g. at the end of a
long experiment) the addition of D-600 actually potentiated
the low-sodium contracture response. These results are
clearly not compatible with the idea that ﬁhe low-sodiun
contracture results from caleium influx across the cell
membrane unless the mode of action of D-600 differs from that
suggested by Fleckenstein et al, (1969). Alternatively the
calcium influx that produces the low-sodium contracture may
occur at a different site to the éalcium influx of the action
potential. Thé former site would be insensitive, and the
latter sensitive to D-500 inhibition. Evidence for this

suggestion comes from the results of Ashley et al, (1974).



Figure 30.

Effect of D-600 on the sodium-free contracture.

Top: Control contracture in sodium-free solution (Tris
substitution). After 15 minutes the muscle was exposed
to O.4 mM D-600 (in ethanol solution) for 8 minutes. The
contracture responses to sodium-free solution (also
containing D-600) was then recorded (second froh-top).
The middle trace shows the contradture»responses in the
presence of the same concentration of ethanol but without
D-600 (again following 8 minutes pretreatment in 0.2%
ethanol Ringer). After these procedures the control
sodium-free contracture was little affected (second from
bottom). Finally the large inhibitory effect of 8 mM
manganese on the sodium free contracture was recorded

(bottom trace). 1 mM calcium throughout.
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In barnacle giant muscle fibre they found that the increased
aqueorin light omission associated with a removal of external

sodium(and presumed to be due to calcium influx across the

cell membrane) was blocked by manganese but not by D-600.
Thus 1in barnacle muscle the calcium influx following the
removal of external sodium appears to be insensitive to D-600

inhibition,

It is possible that D-600 might act at a site other than
the surface membrane. Indeed the long time required (10 -
20 minutes) for D-600 and verapamil to produce their
inhibitory effects in heart muscle (Kohlardt et al,1972)
~ could be evidence for this possibility. D-600 can produce
irreversible contracture in crab leg muscle (R.C.Thomas and
R.Vaughan-Jones - personal communication) so an effect on
internal calcium storage structures might be indicated. In
fact it has been demonstrated that D-600 can inhibit calcium
uptake by the sarcoplasmic_reticulum (Entman et al, 1972)
but at higher concentraﬁions than those effectivg on the |
excitation process. A similar action in frog heart muscle
could decrease the calcium available for release dufing the
Pwitch and potassium-rich contracture. - This could account
for the inhibition of these responses while the low-sodium

contracture would be unaffected.

Some signs of irreversibility (or at least slow reversibility)
on the twitch contraction were apparent in these experiments

using D-600 on frog heart.
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DISCUSSION (2)

(1) Manganese and the twitch contraction

A thorough investigatlion of the effects of manganese on ’
the twitch contraction has not been possible because In
manganese solutions: (a) the execitabllity of the tissue is
affected, (b) there are'complex changes in the duration of
the action potential and (c¢) a contracture developes after
longer periods in manganese.containing Ringer. There is
the possibillity that useful infdrmation might be obtained on
the source of the calecium involved in the twitch contraction
by using short exposures to‘low manganese concentrations and
employing an analysls similar.to that of Chapman and
Niedergerke (1971A) with calcium. However the simple
experiments reported hefe show that manganese produces a
rapid inhibition of twitech tension which could well indicate
that it produces itsinhibltion by an action on the surface

membrane of the cells,

(2) Intracellular effects of manganese

The contracture development after long periods in
manganese Ringer suggests that the sarcoplasmic calcium
concentration increases. This could occur by a decreased
calcium efflux, an lncreased influx, a decreased uptake by
an internal store or a release of calcium from internal -
storage sites., The results of Sabatini-Smith (1969) using
rabbit heart and Keene et al (1972) with rabbit arterial
muscle point to an inhibition of contraction by manganese

due to a decreased calcium influx because radloactive calcium
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uptake was reduced in manganese solutions, These findings
appear to contradict the results of Conrad and Baxter (1963)
who injected.manganeSe into live rats then, after two hours,
removed and fractionated the héarts, This treatment

produced a doubling of the uptake of radioactive calcium by
the cells mainly due to uptake in the microsome fraction.
However, this increased uptake in vivo was probably the result
of a posiltive inotropic effect of manganese caused by
catecholamine release from the thyroid (Conrad, Trendley and
Baxter, 1966). |

R.A.Chapman and N.G.Ruthérford (personal communication)
have found that manganese is able to release calcium from
rabbit skeletal muscle sarcOplasmic'feticulum. An inter-
ference by manganese and other divalent cations with calcium
ubtake by the sarcoplasmic reticulum would be predicted
because manganese can partially substitute fbr magnesium and
calcium in the activation of the ATP-ase from rabbit skeletal
muscle sarcoplasmic reticulum (Maclennan,1970). Cafvalho
(1968) reported that cadmium could exchange with calcium in
the microsome fraction and that the calcium stimulated ATP-
ase activity was inhibited by cadmium. Therefore calcium .
release or at least a decreased calcium uptake mighﬁ.be anti-
cipated in the preserce of cadmium. Therefore mdre than one
effect of manganese might be responsible for the contracture

that developes after long periods in manganese solutions,

A possible explanation for the contracture obsérved after
prolonged exposure to manganese solutions is that the catioh

is able to substitute for calcium in activating the contractile
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myofibrils. This possibllity is rendered unlikely as the
removal of manganese was found to produce a slow incfease

in contracture tension (Figure 9) at a time ﬁhen the internal
manganese concentration was decreasing (Part 3). ﬁowever

S. Ebashi (personal communication to R.A.Chapmén) found that
native actomyosin showed some superprecipitatibn in the |
presence of manganese but not in nickel or cadmium. Manganese
appears to be able to bind to one of the calcium binding-
sites on the troponin molecule (Fuchs;1971). He found that
radioactive calcium bound to troponin was partially ex-
changeable with manganese, however the caleclium binding at this
site is not necessérily physiologically important. It would
be of interest to know if this manganese;troponin complex
inhibits activity. The only evidence presented by Fuchs
along these lines was in the form of a personal communcation
from D.J.Hartshorne who found that "cadmlum but not manganese

can activate the ATP-ase activity of natural actomyosin®.

Barium and strontium produced contraction when injected
into frog skeletal muscle fibres (Heilbrunn and Wiercinski,
1947) but magnesium was ineffective, The contraction
produced by barium and strontium could have been due to

calcium displacement from other sites in the muscle,

Seidel and Gergely (1963) found that strontium, cadmium,
cobalt and manganese were partially able to reactivate the
ATP-ase actlvity of calclum-free myofibrils but only at
concentrations higher than the activating concentrations of
calcium. Therefore the possibility of internal effects of
manganese cannot be ignored in the analysis of these results,
but théy would seem to be likely to be small and possiblj are

not shared by all of the other transition elements.
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The sustained contractionsproduced by depolarisation
with potassium-rich solutlons were much less sensitive
to manganese inhibition than the twitch respdnse. This
may well endorse the suggestion that some of the twitch
inhibition produced by manganese was due to incomplete
excitation i.e., tha effects of manganese on the action

potential and threshold for stimulation.

(3) The potassium-rich contracture.

The production of substantial contractures by potassium;
rich solutions despite the presence of a high concentration
of manganese (Figufe 27) would be evidence for an internal
store of releasable calcium in frog heart if 1t is assumed
that manganese can block calcium influx. However it has.
been found that external calcium is required for this
contracture (R.A. Chapman-unpublished) so that an alternative
explanation must be sought. There are various possibilities
including (a) the calcium responsible for the contracturé
comes from the extracellular solution and the potassium

depolarisation increases the gradient for the movement of the
.Cdicomplex across the cell membrane. (b) the calcium is
released from a membrane store, tﬁis calcium being in rapid
equilibration with extracellular calcium (c¢) calcium is
released from an intracellular store by depolarisation but a
small "trigger" calcium .influx is required to initiate

internal release.

It was suggested that the decrease of the potassium-rich
contracture tension by low concentrations of manganese (i.e.

up to 5 mM) could indicate what proportion of the response is
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highly dependent upon calcium influk across the cell membrane
(see Figure 10)., The small further decrease in contracture
tensions with concentrations of manganese greater than about
5 mM could be explained by hyperpolarising effects. Thus
a portion of the potassium-rich contracture remains which

is relatively insensitive to manganese inhibition.

An increased calcium uptake in potassium-fich'solutions
was found in frog heart (Niedergerke, 1959), rabbit aorta
(Shibata, 1969) and frog skeletal muscle (Bianchl and Shanes,
1959). However the calclum concentration required to permit
potassium contracture development in skeletal muscle.appears
to be much 1oweg than that for smooth or cardlac muscle.
Shibata (1969) found that in rabbit aorta a pretreatment with
manganese (1 - 5 mM) prevented the increased calcium uptake

associated with potassium-rich solutions.

In frog heart there appears to be an increased calcium
influx throughout the whole duration of the pbtassium-rich
contracture because the addition of manganese at any stage of
the contracture produced a rapid decrease in tension
(t% = 6 - 10 seconds with 8 mM manganese) to a new lower
level. Therefore the response to potassium-rich solutions
in frog heart (and in other muscles to varying degrees)
appears to depend upon calcium released internally and calcium

influx from the extracellular fluid.

The shape of the tension-depolarisation curve (Figure 11)
in the presence of manganese 1s very similar to that produced
by substitution of acetate for chloride in frog ventricle

(Anderson and Foulks, 1974). fcetate substitution also
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produced a decreased overshoot of the action potential,
large increases in resting potential and action potential
elongation i.e. similar changes to the early effects of
manganese. They concluded that the effects of acetate

were probably due to an increased potassium or a decreased
sodium conductance, Acetate substitution decreased the
potassium-rich contracture tension except at low potassium
concentrations. A similar crossover of the tension-
depolarisation curves appeared to occur at low potassium
concentrations in these experiments with manganese (Page 58
and Figure 11) especially when the curves are corrected for
the hyperpolarisation in manganese solutions. A plausible
explanation for the reversal at low potassium concentrations
of the normal inhibitory effects of manganese and acetate
might be indicated by the resmults of Lindley et al (1973)

on denervated frog skeletal muscle. They found that the
'potassium-rich contracture was approximately 7% inactivated
when the muscle was maintained in 2.5 mM potassium control
solutions compared to contractures produced after pre-
treatment with 0.5 mM potassium Ringer. The hyperpolarisation
in 0.5 mM potassium solution relieved the inactivation.
Therefore the hyperpolarisation produced by pretreatment
with manganese Ringer (or by acetate substitution) could
decrease an inactivation of the potassium-rich contracture;
This would effectively shift the tension—depqlarisation i
curve to the left and allow tension production with potassium

concentrations that were previously subthreshold.

In several tissues the addition of manganese (or other

divalent cations) is able to restore the potassium-rich
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contracture response after it has been abolished by complete
removal of the extracellular calcium. Frank (1962) reported
that cadmium, cobalt, nickel, magnesium and manganese were

at least partially able to restore the contracture response
to potassium-rich solutions in frog skeletal muscle when the
contracture had been completely blocked by the remo#al of
external calcium for 30 minutes. In smooth muscle manganese
was also found %o be capable of restoring the potassium
contracture in calcium-free solution (Shibata,1969). The
removal of calcium produces depolarisaﬁion in many>excitable
tissues (éhanes,1958) which could increase the inactivation
of the potassium-rich contracture. The addition of manganese
(or other divalent cations that cam substitute for calcium in
the maintenance of the resting potential )would therefore
remove this inactivation and restore the potassium-rich
contracture, These divalent cations could also act by
displacing calcium from internal binding sites (Frank 1962)

thereby temporarily restoring the potassium-rich response.

(4) The low-sodium contracture.

(a) Sodium substitutes.

The contracture induced by removal of sodium from the
bathing solution was found to be very sensitive to manganese
inhibition, (the 150 being approximately 0.6 mlM manganese).
The sodium-free contracture could be completely abolished}
by manganese concentrations ( 8 - 20 mM) that permitted large
contractures.in solutions with an elevated potassium
concentration. Tt was therefore suggested that the low-

sodium response is primarily dependent upon calcium influx
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from the extracellular solution. Of'the many sodium
substitutes used, most gave large contractures with a

fairly similar time course suggesting that it was the
removal of sodium and not a positive effect of the
substituted cation that produced the contraoture.' Only
small contractures were obtalned with magnesium substitution
but magnesium would be expected to act as a calcium
antagonist (del Castillo and Katz, 1954 A,B; Jenkinson, 1957).
The other sodium substitutes (including potassium) produced
'approximately equal contracture tensions which wefe near

to the maximum tension that the muscle could generaté.
Hydrazine substitution however resulted in up to 39% larger
contracture tensions. Thlis was probably related to the
general potentiation of contractile responses in hydrézinel
solutions. Indeed a small contracture could be induced by

the addition of only 12 mM hydrazine to normal Ringer.

(b) Membrane potential changes,

The resting potential measurements in low sodium
solutions (Table 3) add further support to the suggestion
that the hyperpolarisation in manganesé solutions could be
due to a decreased sodium conductance of the membrane. The
increase in membrane potentiai in sodium~free solutlions can
be attributed to the decreased sodium conductance. Under
these conditions manganese produced a hyperpolarisation
equal to only 50% of that obtained in normal sodium Ringer.
Chapman (1974) and Goto et al (1972) found even 1argef
increases in resting potential in éodium-free solutions

épproximately 10 mV),
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(¢c) 1Is the low-sodium contracture dependent upon

a calcium-sodium exchange?

The addition of manganese at any time during a sodium—
free contracture produced a rapld decrease in tension (e.g.
Figure 16).  If manganese acts by decreasing caleium influx
then the sodium-free contracture must be sustained by a |
continuous calcium entry. It was suggested (Chapman, 1974)
that the spontansous relaxation of the sodium-free response .
is due to a decreased sodium efflux as the internal sodium
concentration decreasegin the absencé of external sodium.
This decreased sodium efflux would slow the rate of calcium
entry if a coupled sodiﬁm—calcium exchange mechanism exists.
In the experiment illustrated in Figure 16 the return to a
high contracture tension level even after long periods in
manganese could suggest that thevcalcium influx block caused
by manganese simultaneously résults in a decreased sodium
efflux i.e. tight coupling in an exchange process. Thus
removal of manganesé could have resulted in a return to a
large contracture tension because the internal sodium
concentration was still relatively high, thereby permitting.
a large sodium-calcium exchange. Some support for this |
theory can be obtained from the results of Baker et al (1969)
where 1t was found that magnesium probably inhibits the |
calcium-dependent sodium efflux in squid giant axon. In the
barnacle giant muscle fibre manganese inhibiﬁs calcium efflux‘
(Russel and Blaustein,1974) into sodium seaweter. Although
this latter process is the reverse of that described previously
it would not seem unreasonable that if manganese 1nhibiﬁs

calcium binding it should also inhibit sodium binding to the
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exchange system. This calcium efflux was sodium dependent
as it decreased in lithium seawater (i.e. lithium was unable
to substitute for external sodium) and there was no further

decrease by the additlon of manganese.

(d) Models of the calcium uptake system,

Two models have been assessed for their applicability
to thé contracture response to low-sodium solutions. The
first model, where the calcium uptake process was assumed to
occur via a carrier which could bind to sodium and calcium
(or manganese if present) or could exist in a free state,
indicated a tight binding of calcium to the carrier, This
was not unexpected as Chapman (1974) reported that the
sodiumfree contracture could oceur in calcium concentrations
as low as 10™°M and relaxation was only produced if the
calcium concentration was reduced to 10"7 M. This would
indicate a low dissociation constant for the binding of
calcium. This suggested that the second model is more
appropriate where a sodium-calcium exchange reaction on an
anionic carrier is involved and where the carrier can only
exist in combination with one of the various cations. Waud
(1974) concluded that the responses predicted from both
types of model should be similar and may be indistinguishable
in some circumstances, He suggestad that the high energy
changes involved in the production of a free anlonic receptor
are too large to be feasible i.e., another cation in the
bathing solution would automatically replace any cation

leaving a carrier,

The second model has therefore bzen adopted and was found

to reasonably predict the observed responses (Figures 19 and
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20). However equation 8 (Page50 ) predicts a sustained
contracture and so cannot account for the spontaneous
relaxation. The only other major disparity from the

observed responses occurs in very low sodium concentrations

in the absence of manganese 1.e. an intercept with the

teansion axis was predicted at values up to twice the observed
maximum contracture tension (Figure 20). This discrepancy
could be due to a saturation of the contractile system before
the calecium influx carrier is saturated. This possibility
seems unlikely as up to 30% larger contracture tensions can

be produced by e.g. the substitution of hydrazine for éodium.
A more likely explanation for the discrepancy is that the

low internal sodium concentratipn limits the caleium influx
particularly when the external sodium concentration is reduced
to near zero (Chapman,l1974). He found that by increasing

the internal sodium concentration with strophanthidin the
maximum contracture tensions in low-sodium solutions were
potentiated. Similarly in the present experiments increasing
the internal sodium concentration with low-potassium

solutions (Figures;25 and 26) increased the low-sodium
contracture tension. Strophanthidin produces membrane
depolarisation whereas low-potassium solutions cause hyper-
polarisation, It is therefore reassuring that both procedures
used to increase the internal sodium concentration produce

thé same effect on the contracture,resﬁonse suggesting that
the potentiation of the low~-sodium contracture 1is unlikely

to be due to an effect on the membrane potential. It has
also been found in these experiments that in high manganese
concentrations contracture tensibns were larger in the presence

of small amounts of sodium rather than in its complete absence.
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The valué of N in equation 8 has been assumed to be
2 as the contracture tension is approXimately proportional
to the square of the calcium concentration; the square root
of the manganese concentration and the fourth root of the
sodium concéntration. In sbme eXpefiments the relation-
ship of contfacture tension to the manganese concentration
was slightly steeper than would be anticipated assuming
N = 2, however not steep enough to suggest that it might
be 3. Many possible causes could contribute towards.an
apparent steeping of the relationship; e.g. (a) a slight
calcium-induced calcium release from an internal store |
(Endo, Tanaka and Ogawa, 1970; Kerrick and Best, 1974). The
low-sodium contracture has been assumed to originate from
transmembrane calcium influx and not from internal calcium
release. However under cdnditions of calcium loading (as
has been suggested to occur ih manganese solutions) the
possibility of calcium induced release of calcium from an
intracellular store is made more likely; (b) the slight
hyperpolarisation produced in manganese solutions; (c) an
effect by manganese on the potential distribution within
the cell membrane. The analysis of the results has been
carried out by assuming that the antagonism between manganese
and calcium occurs by competitive binding to a receptor site.
However in some tissues it has been suggested that a charge |
shielding effect, where no binding occurs, is completeiy able
to account for the antagonism by divalent cations e.g. D'Arrigo
(1973). In Part 1 the adsorption ¢f divalent cations to
negatively charged membrane sites was advanced as a possible
explanation for some of the effects produced by manganese

on the resting and action potential. The
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influence of the various divalent cations on the contracture
responses described here indicate that competitive binding
is likely to be mainly responsible for the observed
inhibition, The order of magnitude difference between ths
extent of the inhibition produced by some of the dilvalent
cations Cd > Mn =Co =Ni > Mg 1indicates a binding rather
than a shiélding phenominum. Shielding effects involve
ne binding energy so approximateiy equal inhibitory effects
of the divalent cations would be anticipated. The low
calcium concentration required for the sodium-free_
contracture suggested a tight binding to a carrier and the

low I for manganese inhibition (approximately 0.6 mt1)

50
would be more appropriate to a competitive binding rather

than to a charge shielding influence. Charge shielding
effects alone could predict most of the inhibitory effects
observed in the presence of divalent cations in earthworm
longitudinal somatic muscle (Ito et al, 1970), cockroach

giant axon (Narashashi, 1966) and crayfish axons (D'Arrigo,
1973).. It would therefore seem likely that similar effects
occur in other tissues. In fact D'Arrigo (1974) has |
suggested that acldification can 1ncreésé‘the negative charge
on c2ll membranes so that all tissues become charge-shielding
sensitive, Thus the contracture responses may well be
subject to two inhibitory influences, a competitive binding
by manganese effective at low concentrations, and a charge-
shielding effect which only has & significant influence in
relatively high manganese concentrations., This could explain
why the effect of manganese on the maximum upstroke velocity

of the action potential was only noticeable in manganese
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concentrations above about 8 mM (Hagiwéra and Nakajima,
1966). Therefore a small additional inhibitory influence
via a charge shielding effect could produce larger
inhibitions than those predicted simply from a model
involving the competitive binding of inhibitor to.a
receptor, thereby creating a steeper relationship than
antiéipated. Anractual binding of divalent cations to
negatively charged membrane sites could have similar effects
on the potential distribution within the membrane (see e.g.
Frankenhauser ahd Hodgkin, 1957). Here, binding energiles
would belimportant so an inhibition by the #arious divalent

cations by this method cannot be exclqged.

It is interesting that thalow—sodium contracture becomes
biphasic in the presence of manganesé., The biphasic o
nature of the inhibited contracture might simply be an
indication that the contracture in the absence of manganese
is also composed of two components, These might not be
separable because they are so large and succezd each other
so closely. Thé initial phasic response normally appears
slightly less sensltive to manganese inhibition than the
tonic contraction. The higher the manganese concentration
the slower is the rate of rise of the tonic tension and the
longer is the time to peak tension. The initial phasic
response appea;s to have a short time course relatively
_ independent of the manganese concentration. This phasic
contraction is uﬁlikely to be due to a non-egquilibration of

manganese throughout the tissue because pretreatment periods

in manganese Ringer from between 10 and 120 seconds produce
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similar biphasic responses on removal of sodium, an almost
maximal inhibition being observed after 15-30 seconds pre-
treatment. Manganese might produce its inhibition by com-
b;ning with the carrier molecule-calcium complex CaR in the
terminology .used here) aé-calciﬁm diséociates inside the

cell., This could produce a délay in the inhibition and'thus-
a biphasic contracture., An alfernative possibility is that
the phasic tension might be an Indication that there is a very
slow turnover of calecium bound to the carrier so that the
phasic response 1s due to the release ihto the cell of calcium
that was bound prior to the application of manganese., The
tonic tension might then be produced as a result of a sat-
uraticn of internal calcium uptake systems and the continued
influx of calcium, If the carrier moleéule is able to bind
two calciums, or one calcium plus one manganese ion (instead

- of sodium) then a biphasic contracture could be produced if the
R Mn Ca complex moved more slowly across the membrane than

the RCa2 complex.

When the internal sodium concentration is reduced to such
a low level that calcium influx is slowed and lower than the
rate of calcium uptake by intermal calcium accumulating
structures then relaxation of the low-sodium contracture could

occur,

(5) Induction of tension by sodium and other univalent cations.

The tension induced by the addition of small amounts of

sodiun to sodium-free solutions containing manganese
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could be interpreted as an effect on an internal calcium
store. Palmer and Posey (1967) found a sodium-induced
release of calcium from rabblt skeletal muscle sarcoplasmic
reticulum. The half maximal effect for sodium-induced
'release being achieved‘with approximately 1 mM sodium.
Lithium was also capable of releasing calcium but to a
lesser degree, In mechanically disrupted rat heart (where
the surface membrane appears to have been removed) Kerrick
and Best (1974) observed sodium induced tension similar to
that produced by the addition of caffeine, They therefore
concluded that sodium was able to induce calcium release
from the sarcoplasmic reticulum in heart muscle. 'The
observation that the sodium induced contracture is blocked
by the absence of calcium from the bathing Ringer would
suggest that the calcium which activates tension crosses
the cell membrane rather than being.released from an internal

store,

An alternative suggestion to account for sodium 1nduceq
contraction involves a sodium-dependent increase of éalcium
influx across the surface membrane. A sodium-caicium
exchange has been implicated in the development and subsequent
relaxation of the low-sodium contracture. In order to
produce a sodium induced tension the added sodium would have
to enter the cells. The return of that sodium to the
extracellular solution could then promote thes influx or
calcium, Clearly the sodium entry cannot occur coupled
with calcium efflux and still léad to the production of

tension. Thus no sodium-induced tension could be observed
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following the relaxation of a2 normal sodium-free

contracture (although a maintained increase in tension

by the addition of 14 mM sodium was found in goldfish heart

by Busselen et al, 1973). In the presence of manganese
however the addition of sodium did produce tension (figure 25).
Under these conditlions it is assumed that some manganese

would also be bound to the carrier so that sodium entry

could occur coupled to manganese exit. The sodium that

had entered could now exchange with external calcium there-

by resulting in a net calcium influx and contracture
development, A sodium-manganese exchange would not be
observable in terms of the tension response of thé muscle

as neither cation appears to produce tension directly.

This type of antagonism has therefore not been inciuded in

the derivation of eguation 8. R.C.Thomas and R. Vaughan-
Jones (personal communcation) using sodium sensitive
micro-electrodes have found that the addition of manganese

- produces a rapid decrease in the internal sodium concentration
in crab leg muscle which could indicate a coupled sodium-

manganese exchange in this tissue.

Baker and Crawford (1971) using squid axon, and Ashley
and Ellory (1972) working with barnacle and crab muscle
fibres;, have described a magnesium efflux which appears tb.
be dependent upon external sodium and is inhibited by .
internal calcium. The latter'authors postulated a
magnesium-sodium exchange carrier which is common to the
calcium efflux system i,e. calcium and magnesium could
compete internally for binding to the carrier (calcium having
a higher affinity than manganese) to exchange with external

sodium,
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A calcium-manganese exchange (if present) might be
expected to produce tension by a manganese efflux.
Conditions that were likely to produce an efflux of
manganese 1i.e, manganese removal after some time in high
manganese concentrations often produced contracture
potentiation e.g. Figufe'9 where a larger contracture
developed on return to manganese-free Ringer or Figure 16
where a rapld increase to a large contracture tension was
produced on éanganese removal from the sodium-free solution.
However alternative explanations could be advanced to.
account for these responses e.g. the removal of an inhibitory
effect of external manganese in the case of the former br
the maintenance of a high internal sodium concentration in

manganese solutions for the latter.

It could be suggested that the rate at which tension
is produced on addition of sodium in the present experiments
is rather fast 1if sodium 1s acting inside the cell membrane.
However the rate of tension generation is no faster than that
produced by e.g. the addition of caffeine (Figure 28) which
only appears to be able to act by releasing intracellular
calcium, Therefore it would seem reasonable to suppose
that the univalent cations are able to induce tension by

an effect on the inside of the cell membrane,

The contracture induced by lithium, hydrazine and hydrox-
vlamine (Figure 24) indicates that the sodium required to
produce the sodium induced tension should enter the cell
by a route other than via the sodium-calcium exchange carrier

f the sodium induced tension results from an internal action
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of the sodium. Lithium, hydrazine and hydroxylamine
would be required to enter by a different route or these
cations would inhibit the low-sodium contracture and no -

such inhibition was found.

A quite aifferent explanation was advanced by Baker et
al (1969) to account for the activation by external sodium
and lithium of the sodium-calcium exchange in the squid
giant axon. Théy postulated an extra external site which
can acéept univalent alkali metal ions to promote sodium
and calcium movements through the exchange carrier., If a
similar situation exists in frog heart then this "activator”
site should alsq accept the hydrazine and hydroxylamine -
cations. One dfawback to this model is that no sodium or
lithium induced contraction was observed in the absence
of manganese in these experiments. Hydrazine was however
shown to produce a small contracture when added to normal
Ringer. The inability of sodium and lithium to induce
tension following the relaxation of a sodium-free contracture
was possibly due to the low internal sodium concentration
(following exposure to sodium-free solutions) being unable
to support sodium-calcium exchange. Therefore the results
are not inconsistent with the presence of such an external

activator site for univalent cations.

Hydrazine, hydroxylamine and lithium have long been known
to be capable of substituting for sodium in the maintenance
of the action potential in nerve and muscle cells (Lorente
de Né et al, 1957:; Koketsu and Nishi.l959; Tasaki, Singef
and Watanabe, 1965). - Hille (1971, 1973) reported that all
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these cations could pass through the sodium channel of
the sciatie nerve of the frog with a relatively high
permeability ( 2> 50% PNa)' Therefore hjdrazine,
hydroxylamine and lithium would appear to act like sodium
at the sodium channel site of the action potential and at
the activator site of the sodium-calcium exchange system
(be this intracellular at the exchange site itself or
extracellular at a separate site), but do not act like

sodium at the external site of the exchange system.

(6) Use of low-potassium solutions to increase the

intracellular sodium conqentration.

In experiments where an attempt was made to ilncrease
the internal sodium concentration there was a éleaf
potentiation of contracture responses (e.g. Figure 25 and
26) consistent with the internal sodium being an important
factor in regulating contractile activity (Langer,1973;
Chapman, 1974). Brindly (1968) produced contractures in
barnzcle muscle after injecting.sodium to increase the
internal sodium concentratioh while substituting lithium
for external sodium. Increased internal sodlum
concentrations also increased calcium influx in squid giantv
axon (Baker et al, 1969). Novotny and Bianchi (1973)
found that both internal sodium and calcium concentrations
increase in low potassium solutions in frog heart. In the
present experiments it was not possible to say whether‘the
contracturé potentiation in low potassium solutions was due
to a direct effect of an increased internal sodium
concentrétion or to the general increases in the internal

calcium concentration following the increase in internal sodium.
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'(7) Various effects of D-600

The effects of D-600 are difficult to interpret.
The threshold for the twitch lncreased and the contraction
was completely inhibited within a few minutes in 0.4 mM

D-600. However the sodium free contracture was unaffected.

D-600 has been reported to inhibit twitch contractions
in cat heart (Fleckenstein et al, 1969) toad skeletal
muscle (Chiarandini and Ben%tly,1973), guinea-pig atrium
(Thyrum, 1974) and to decrease the delayed calcium influx
in squid giant axon Baker et al (1973). | However it seems
unlikely that D-600 only produces its effects by a simple
calcium blocking action (Kohlhardt, 1972). The slow onset.
of the inhibitofy effects (Thyrum, 1972) and the inabiiity
to wash out 1ts effectseven after two hours (Singh and
Vaughan-Williams, 1972) are incompatible with such a simple

blockling effect,

Verapamil and D-600 have been found to decrease calcium
uptake by the sarcoplasmic reticulum from dog heart (Entman
et al, 1972) and rabbit skeletal muscle'(Balzer,1972) but in
much higher concentrations (150 = lO'}M) than those
required to inhibit twitch contractions (150 = 10-6M).

In toad skeletal muscle verapamil at 10'6 M blocked the
Solandt effect (the increase in respiratory rate when the
potassium concentration is increased) but had no inhibitory
effect on the contracture produced by potassium-rich
solutions even at a concentration of 10'4 M. 7he inhibitory

sffects produced on the acetyl choline contracture could

not be reversed by raising the calcium concentration.
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Shigenobu et al, (1974) suggested that veravamil is not a
specific calciﬁm blocker. Thé slow sodium channel of
embryonic chick heart was blocked by verapamil bﬁt was
unaffected by manganese. ‘Thus at least in this tissue
verapamil apbeared to inhibit both sodium and calcium

entry during the action potential. In crab leg muscle
verapamil and D-600 can produce irreversible contracture
(Thomas R.C. and Vaughan-Jones, R., personal_communication).
Therefore these drugs appear to be able to produce more than

one effect on muscle,

Assuming that D-600 can block a late calcium entry in
cardiac muscle as it does in squid axon (Baker et al,1973),
then this could account for the inhibition of cardiac‘twitch'.
contractions which are influenced by calcium influx during
the depolarisation of the action potential (Weidmann1959)
The lack of an effect on the sodium-free contracture would
suggest that D-600 is unable to block the sodium-calciuﬁ
exchange silte and that this calciuﬁ entry routediffers from
the entry route associated with the action potential.
Further evidence to suppbrt this suggestion comes from the
finding by Ashley et al (1974) that D-600 and verapamil
were unable to 1nhibit the increased calcium influx
associated with a replacement of extracellular sodium in
barnacle muscle fibres. The results of sodium substitution
on the contracture responses also suggest that the sodium |
site of the sodium-calcium exchange carrier differs from
the sodium entry channel of the action potentiai (because

lithium, hydrazine ete. do not inhibit the sodium-free



8o

contracture). However in the absence of an acceptable
method of voltage clamping frog heart muscle (Johnson
and Libermann, 1971; Tarr and Trank, 1974) conclusions
involving calcium or sodium currents assoclated with the

action potential must remain very speculative.

The results therefore suggest a sodium-calcium exchange
process exists in frog heart muscle, If this occurs viaA
a carrier molecule, then one with properties similar to
that suggested by Reuter and Seitz (1968) in guinea-pig
heart would be appropriate. They concluded that a cafrier
with four sites exists capable of binding two calcium, two
sodium plus one calcium or four sodium iohs. Sodium and
calcium appear to compete for binding to these sites as
does manganese (and certain other divalent cations) when
present. If the exchanges are coupled then two sites
could exist on the inside of the membrane and two on the
outside. Lithium-(or hydrazine or hydroxylamine) might
be able to substitute for sodium at the internal sites but
not at the external ones. Alternatively these univalent
cations act at a separate external activator site. It
seems reasonable that the carrier sites should not be
identical on both sides of the membrane as the internal
calcium and sodium.concentrations are much lower than those
externally. gGarrahan and Glynn (1967) similarly suggested
differences in the ion affinities,'on internal and external
sites of the carrier involved in sodium-sodium exchange in

red blood cells.

The results indicate that internal sodium probably has



an important influence on the contractility of the muscle
and that calcium has to compete with sodium and manganese
for binding sites in order to cross the cell membrane.
The model used to produce equation 8 reasonably predicts
the observed responses of the muscle. However the long
term effects of manganese could suggest that an increase
of the internal manganese concentration could have a
significant influence on the contracture responses. An
attempt has therefore been made to assess the possible

uptake of manganese by the tissue.
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PART 3. TISSUE ANALYSIS TO DETERMINE MOVEMENTS O%
MANGANESE IN VENTRICULAR IMUSCLE,

METHODS (3)

(1) _Canulation of ventricles for manganese flux measurements,

The manganese uptake and its rate of efflux were measured
by exposure of whole ventricles to manganese conﬁaining
Ringer for various times. The manganese contént of the
ventricle was then determined by atomic absorption
spectroscopy of the digested ventricle after various perlods

of washout in Ringer lacking manganese,

Whole ventricles were used because of the need to use a
large amount of tissue to permit accurate analysis.
Niedergerke (1963) showed that frog ventricular strips
ook up more 2]'5Ca for a given tissue weight than did whole:
ventricles and suggested strips contained more injured

45

tissue which then absorbed more Ca. It seems reasonable
to assume that injured tissue might absorb morebmanganeSe
in a similar fashion, | Whole ventricles were therefore
used with care belng taken to try to ensure that damaged

tissues were not included in the material used for analysis

of manganese content,

In order to obtain a reasonable estimate of the time
course of manganese fluxes a fairly rapid peffusion technique
is necessary. Whole ventricles were cannulated (Figure 31).
Fine nylon thread (100 u) was used to suture the top of
the ventricles to a glass cannula with é bulbous end. Two
holes were cut in the top of the ventricular walls for

efflux of the perrusate. This ensured that the outer



Figure 21.

A cannulated Ventricle.for measurement of the manganese
content of the tissue. Isolated ventricles were sutured
to the cannula (¢), the apex being tied to a force transducer
(G). The perfusion solutions were changed by the tap(T).
After flbwing into the ventricle the perfusion solution
leaves via two holes cut into the top. The ventricles
were stimulated at a rate of 4 min"l through two Ag:AgCl
wires positioned near to the cannulated end. The section
of tissues between the arrow-heads was analysed for its

manganese content.
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surface of the heart was also quickly perfused with new
solution after a perfusate change and in addition prevented
the outside of the heart drying up. Solutions were stored
in Marriot bottles to maintain a constant flow rate through
the heart of 4 mls per -minute. This was sufficient to
maintain the ventricle in a slightly distended state |
approximately equivalent to diastole, excepnt during
stimulatlion when the ventricle showad normal complete
contraction. The perfusing solutiohs were maintained at
20 - 24°%¢ by passing the tubes carrying them to the heart
through a water bath. Care was taken to remove all traces
of pacemaker tissue (identified by its slightly lighter
colouration near the top of the ventricle) since spontaneous
contractions, if not prevented, occur at a rate of
approximately 20 minute ™’ at room temperature, which could

affect the flux rates.

Stimulation was produced via two Ag:AgCl, electrodes

2
on opposite sides of the ventricle. Stimulation rate was

] minu‘ce"1

at approximately 5 X threshold. In order to
maintain complete contraction throughout the ventricle the
stimulus was increased in manganese containing Ringer to

compensate for the threshold increase.

A piezo-resistive strain gauge (Pye Dynamics TS1) was
tied to .the apex of the ventricle with fine nylon suture
thread. The strain gauge output was monitored by one of
the channels of a Devices Pen recorder driven by a Devices

D.C.2. amplifier,
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(2) Tissue Analysis

At the end of the experiment a section of ventricle
(that between the two arrow heads in Figure 31) was
removed with two scissor cuts. This ensured that none
of the injured tissue, at the top or at the apex of the
ventricle was used in the analysis. A single cut was
then made along the length of the ventricle. It was
opened up and gently blotted for 15 seconds on Whatman
No.l filter paper. The tissue was weighed and added to
3 mls of 2M -~ hitric acid in a test-tube., After leaching
for 24 hours, the nitric acid was evaporated on a sand
bath for a further 24 hours. The residue was dissolved
in 2.5 mls of distilled water and subsequently analysed
for manganese content using an atomic absorption
spectrophotometer (Unicam S.P.90 sensitivity 0.1 part per

million).
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RESULTS. (3)

(1) Estimation of the rate of extracellular solution

exchange.

The contracture development observed after long pefiods

in manganese containing Ringer could not be accounted for
by a simple competitive inhibition of calcium entry into the
cells. Therefore the possibility that manganese itself
could enter the cells was investigated., It was found that
manganese was'taken up by the tissue and an estimate of the
rate of uptake and the rate of efflux 6f manganese has been

attempted.

Measurements of these rates are limited to some extent
by the rate of change of solution in the extracellular
space 1.e, by the adequacy of the perfusion procedure. An
estimate of the rate ol solution exchange in the ventricle
can be made because the contraction of frog heart is
dependent upon calcium in the perfusion solution (Ringer,1883).
The removal of calcium produces a decline in twitch tension
and the rate of decline can give an indication of thé rate
of decrease of the extracellular calcium concentration and
thus the rate of exchange of the extracellular solution.

As part of the experimental procedure each ventricle was
exposed to calclum-free Ringer as is illustrated in Figure 32A |
and the extracellular clearance time estimated. A rapid
decrease in tension was observed in zero-calcium solution.

The rate of change of fension with time of perfusion can

be shown by plotting twitch tension against



Figure 32,

Illustration of the experimental procedure used in
the cannulated ventricle experiments. The tension
recordings are the ventricle contractions produced in

response to electrical stimulation at a rate of 4 min-l.

A, Tension changes produced by removal of calcium from
‘the perfusion solution. Between . the arrows the muscle

was exposed to calcium-free Ringer,

B. Tension changes produced by the addition of 8 mM
manganese to the normal Ringsr. This ventricle was perfused
(between the arrows) with 8 mM manganese followed by a

15 minute "washout" perfusion period in manganese free
Ringer. The ventricle was then removed from the canula

and its manganese content assayed.

The time trace below each'recordIShows one minute
intervals., The deviation of the relaxed muscle tension
away from the time trace illustrates the slowly developing

contracture produced in manganese Ringer.

The calcium concentration was 1lmM in the normal and in

the'manganese containing Ringer.
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time as illustrated in Figure 33. The removal of calcium
produced a decline of tension (Figure 33, left) which
normally demonstrated two approximately exponential phases.
There was a slow phase with a mean half-time of change

(t%) of 393.7, S.E. 5.4 sec n ='36) and superimposed on
this was a faster component with mean t% = 6.7, S.E. 0.7
sec(n = 36). The readdition of calecium produced a return
of twitch tension with a single exponential time course

(Figure 33, right).

The composlte time course of changes of twitch tension
producad by an altered extracellular calcium éoncentration
has been previously described for frog ventricle (Chapman
and Niedergerke,1970A). The decline of twitch tension
with threevexponéntial components was interpreted as an
alteration of the calcium concentration that activates
contraction in three compartments in the muscle (Chapman,
1971). The fastest component to change was suggested to be
that directly in equilibrium with the extracellular solution

(Ca. in the terminology of Chapman, 1971). It therefore

I
seems likely that the fastest component measured in these

whole ventricle experiments corresponds to Ca The

I°
results therefore indicate that the mean half-time for -
solution exchange in these whole vehtricies could be less
than 7 <«=2conds., This would seem to be a reasonable estimate
as the perfusion rate was 4 mls minute and the ventricle
welght rareiy exceeded 100 mg. so that the ventricles were

perfused with approximately 40 times their volume of Ringer

per minute.



Figure 33

Twitch tension changes produced by the removal and
readdition of caleium. The experimental procedure was

that illustrated in Figure 32A.

The decline in twitch tension in calcium-free Ringer
is shown on the left on seml-logarithmic coordinates.
The decline was normally exponential but with a fastér
component, only observable in the early stages of the
decline. This faster component was separated by a curve
peeling technique (middle graph). The readdition of

calcium produced a return of twiltch tension with a simple,

single exponential time course (right).

Regression lines were calculated for the points, the.
half-time for the fast component of tension decline (middle)
being taken as the half-time for extracellular solution

exchange,
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Following the exposure to calcium~-free soluflons the
ventricles were perfused with 1 mM calcium Ringer for at

least 15 minutes prior to the addition of manganese,

Two series of experiments were perforﬁed ﬁo investigate
the transmembrane flux of manganese. In one group the
ventricles were exposed to 8 mM manganese for 60 minutes
followed by a washout period in the absence of manganese
for times: ranging from 0 to 150 minutes. In the other
series the ventricles were perfused with 8 mM manganese
Ringer for various periods ranging from 3% to 120 minutes
followed by a fixed washout time of 15 minutes in the

absence of manganese.

(2) Manganese efflux from ventricles

The rate of manganese efflux from the cells can be
estimated from the results shown in Figure 34. The
ventricles were loaded with manganese for 60 minutes. The
manganese content of the ventricles after varilous washout
times in manganese-free Ringer has been measured.  The |
efflux shows a slow approximately exponential time course
(ty = 67.5 minutes) but with a faster component (replotted
Figure 34 top right) with a‘t% of 2,0 minutes. The perfusion
and analysis technique is inadequate to separate rapidly
changing manganese flux compohents at the start of the efflux
period so this phase might itself be composed of more than

one component, The results show that the efflux of some
of the manganese taken up by the cells is very slow. The

presence of a compartment from which manganese is only slowly



Figure 34.-

Manganese content of cannulated ventricles after various
periods of "washout" in manganese-free Ringer. The
ventricles were perfused with 8 mM manganese for 60 minutes.
The perfusion solution was then changed to normal Ringer for
the times indicated befor= the ventriclés were removed from
the canula and assayed for their manganese content. Each
point represents one ventricle, The line has beeh drawn
according to the equation,

fm] = b7

with b = 1,93, kK = 0.0103 min-l and t=the tims in
manganese-free Ringer., This is the regression line for the
points between 15 and 150 minutes so that a half -time of
approximately 67.5 minutes is indicated for the rate of

manganese efflux during this period.

The inset shows the faster component of ﬁanganese efflux
at the beginning of perfusion in manganese-free Ringer. This
was separated from the slow component by curve peeling, The
regression line for these points gives a half time of'2.0
minutes. This technique is inadequate to separate véry rapid
changing components'e.g. the half-time flor extracellular
solution exchange has been estimated as approximately 7 secon
(Figure 3%)., Thus more than one component of the efflux is
liKely to be present, during these early stages., The manganeg
content of five control ventricles i.e. without exposure to
manganese was 0.084t 0.037 S.D. of mean, Calcium concentratil

was 1 mM in all perfusion solutions,
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released provides a basls for the suggestion that the long
term potentiation of contracture responses observed after
manganese treatment is due to the presence of manganese

within the cells.

(3) Manganese uptake by ventricles.

In these experiments the manganese loading periods
ranged from 3> to 120 minutes. An estimate of tﬁe uptake
of manganese by the muscle is difficult due to contamination
by extracellular solution (the extracellular space has been
estimated to be approximately 20% of tissue volume by
Niedergerke,1963A). In order to overcome this problem the
ventricles were perfused with manganese-free Ringer for
15 minutes'after exposure to manganese solutions. This
procedure ensured that the extracellular ﬁanganese content
of the tissue could be neglected. The 15 minute washout
procedure means that the rate of manganese uptake by the
slow compartment (described in the manganese efflux
experiments) was measured. The results are shown in
.~ Figure %5 (topn). A lot of variability in the uptake is
hoticeable. One possible reason for this variation was-
thought to be the contracture development in mangahese
‘solution (e.g. Figure 32B). A ventricle that had been
exposed to manganese Ringer for 120 minutes was observed
Yo be in strong contracture even after 15 minutes perfuéion
with manganese-free Ringer. This ventricle had the highest
manganese content of all the ventricles analysed. Strong
contracture impedes the effectiveness of the perfusion

system and could therefore produce a slowed manganese errlux



Filgure 55.

The rate of uptake of manganese by whole canulated
ventricles. The ventricles were perfused with 8 mM manganese
for the times indicated followed by a 15 minute 'washout'
period in ménganese-free Ringer to remove extracellular
manganese. This washout time means that the uptake of
manganese into the slow compartment illustratéd in Figure
34 was being analysed, The points are the mean< one S.D.
of the mean of75 ventricles at each sampling time. The
line -through the points (top) has been drawn accordihg to
the equation

[ﬁn] = at + b(1 - e'kt)

with a = 0.21, b = 0.75, k = 0.15 min~* and t = the time
(minutes) of exposure %o manganeée solution. The results
would therefore be accord with an uptake nrocess having a
saturable and a non-saturable component. However the strong
contracture after very long periods in manganése Ringer
suggested that the washout of manganese might be hindered.
The results of points up to 60 minutes have therefore
been replotted(bottom). The line through the points has -
been drawn according to the equation |

kt)

fm] = b (- e

i

with Db 1

1.65 and k = 0.067 min~
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pattern. Therefore an accurate estimate of the manganese
uptake by the muscle might only be possible with short
exposures to manganese solutions., With this in mind the
results for exposures of manganese only tp to 60 minutes'have
been replotted (Figure 35 bottom) and are shown to reasonably

fit the simple equation,

Mn content = b(l - e ~KT)

where b and k are constants and T is the time of exposure to

the manganese containing solution.

The contracture development of whole ventricles in
manganese Ringer (Figure 32B) is similar to that observed
in auricular trabeculae (Figure 9). Other similarities
include the rapid decline of twitech tension on addition of
manganese, the slow recovery of the twltch response after
long periods in manganese solutions and the potentiated

responses on return to manganese-free PRinger.
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DISCUSSION (3)

(1) consequences of manganese accumulation by the muscle,

The results of this final section show that relatively
large concentrations of manganese can be taken up by frog
heart muscle and that the loss of a significant part of
‘this manganese is very slow although the cdntractile response
recovers relatively quickly. This slow efflux provides an )
explanation for the long term potentiation éf contractures
produced in low sodium solutions and the slowiy developing
contractures observed in normal Ringer containing manganese
(Figure 32). Intracellulér manganese could produce these

effects if 1t increased the sarcoplasmic calcium concentration,

This might occur by several mechanisms:-

(a) Inhibition of caicium efflux. Although an inhibition
of calcium efflux by intracellular free manganese seems
likely, it is doubtful whether a net increase of the internal
calcium concentration could occur by this method because

manganese also reduces the calcium influx.

(b) An exchange of intracellular manganese for extracellular
calcium in much the same way as sodium has been suggested to
exchange could lead to an increased sarcoplasmic calcium

concentration.

(¢) There will probably be a displacement by .manganese of
calcium at internal binding sites e.g. many proteins bind
calcium but show a greater affinity for manganese {Gurd and '

Wilcox,1956).
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(a) The numerous mitochondria which store calcium might be
expected to release some calcium in exchange for manganese.
Mitochendria appear to store calcium as hydroxyapetite,

E;a3 ( Po4) 2] 5 ca [oH], (Lehninger and Rossi,1963).
They have been shown to be capable of accumulating large
quantities of manganese probably as manganesé phosphate
(Chappel et al;1963). Lehninger and Rossi (1963) suggest
that it 1s likely that calcium can be replaced by manganése
to éome extent in mitochondria but Chappel, J.B. {personal
communication) suggeststhat it is doubtfullwhether manganese
can directly displace intramitochondrial calcium; However
both groups appear to agree that manganese can compete with.
calcium for uptake, Therefore an inhibition of the reuptake
of calcium released e.g. during Stimulation could produce

an increased sarcoplasmic calcium concentration.

(e) Manganese has been shown to produce 45Ca release from
the sarcoplasmic reticulum of rabbit skeletal muscle (Chapman
R.A. and Rutherford N.G., personal communcation ) and

probably also inhibits uptake.

Manganese can partially exchange with calcium bound to
troponin (Fuchs,1971). Therefore the contracture potentiation
-observed in manganese solutions could be due to an activation
of the contractile proteins by manganese Instead of calcium.
The low affinity of troponin for manganese might be compensated
for by a high internal manganese concentration if a
substantial amount of the internal manganese is free in the

cytoplasm as the calcium concentration released to produce
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maximal activation of contraction is only 1 - 3 x lO“SM’
(Ebashi et al., 1969). However the replacement of calcium
by manganese on the troponin molecule does not necessarily
indicate that the manganese-{troponin complex can permit

tension generation as does the calcium-troponin moiety.

The manganese uptake experiments indicated a fairly
rapid influx of manganese. However the results do not
exclude an even faster uptake as a 15 minute washoﬁt period
in manganese-free Ringer was usgd prior to the analysis of
the manganese bontent of the ventriclés. A very fapid
uptake might therefore be hidden if the efflux was
correspondingly fast. The value of the rate constant, K
(see subscripts of Figures 34 and 35), of.manganese uptake
and efflux by the slowly changing compartment was at least
six times faster for uptake than for efflux. Sarri and
Johnson (1971,1972) found a similar assymetry in the rate
of calecium uptake and efflux in rabbit heart, the former

being three times faster. They interpreted this as an
effect of internal calcium on its own permeability.
Regardless of the cause of the assymetry the results show
a fairly rapid uptake of manganese and only a slow efflux.
This would‘produce a build-up of the total intracellular
manganesé concentration with successive exposures to manganese

containing solutions.
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CONCLUDING DISCUSSION

(1) Manganese entry into muscle cells during the action

potential. ' ' | |

Recent work on éardiac muscle has suggested that calcium
influx during the depolarisation of the action potential is
an important regulatof of contractility. In general,
exposure of cardiac muscle to manganese produces a negative
inotropic effect, If this decrease in contractility is dvue
to a decreased calclum influx during the action potential
then manganese would appear to inhibit this influx. Thers
is some evidence e.g., Ochi (1971) that manganese can
substitute for calcium iﬁ this process because a slow inward
current is observed and action potentials are produced in
manganese solutions free of sodium and calcium in guinea-pig
heart muscle. Other workers have also suggested that ;this
calcium entry route is not specific for calcium e.g. strontium
and barium can substitute (Masher,1973; Pappano and
Sperelakis 1969; Vereecke and Carmeliet 1971) and an entry of
28Mg during the action potential hés been observed 1n squid
axon (Baker and Crawford 1371). The present results give
evidence for an entry of manganese during the action potential
in frog heart. A 5 mV decrease in overshoot was produced
with 2 mlM manganese but higher concentrations produced little;
or no further decrease, The small reduction in overshoot
with high manganese concentrations (e.g. approximaﬁely

6.5 mV with 16 m} manganese) was much less than would be

expected from the work of Niedergerke and Orkand (1966) who



found that the overshoot decreased by 18.3 mV for a ten-
fold reduction in the calcium concentration (the present
experiments have demonstrated an approximate equivalence
of the effects of calcium and manganese on the threshold
for stimulation, resting membrane potential and action
potential duration), Therefore it is suggested that
manganese contributes to the inward current during the
action potential, This would counteract the decrease in
overshoot due to inhibition of calcium entry by manganese.
This manganese entry might be the majJor cause of the large
manganese accumulations described in Part 3. Such
accunulations would reduce the manganese equilibrium potential
and tend to decrease the overshoot 1f a manganese inward
current was operative at this time- in much the same way as
occurs in high calcium solutions (Niedergerke and Orkand,
1966B)., However such a reduction would be prevented if
the sarcoplasmic manganese concentration was decreased by

internal binding or compartmentalisation.

(2) Surface membrane effects of manzanese.

Experiments described in Part 1 have indicéted that'the
large threshold increases in manganese and the decrease in
the rate of rise of the action potential (Hagiwara and
Nakajima 1966) are due to a decrease in the peak sodium
conductance of the membrane, The hyperpolarisation observed
in manganese solutions seems unlikely to be due to an effect
on the potassium conductance (Orkand,1962; Chiarandini and

Stefani,1973) and would be produced by a decrease in. the
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resting sodium conductance, This increase in membrane
potential in the presence of manganese has been shown to
be incapable of producing the large increases in the
timulation threshold observed (even when any possible

release of endogenous catecholamines or acetyl choline is
blocked). Therefore a charge shielding or absorption
effect of manganese at negativelyvcharged membrane'sites
probably occurs. These effects would altef-the electric
field within the-membrane thereby reducing the éodium(and

possibly calecium) conductance, s v,

Graded action potentials were produced in manganese
solutions with stimuli near to the threshold. This 1is
evidence rfor the theory that the plateau component of the
action potential 1s sustained by neighbouring cell inter-
action e.g. the syncytial nature and slow conduction velocity
of the tissue could permlt re-enterant excitation énd thus
prolongation of the plateau. This would mean that the
long action potential of frog heart (much longer than that
of mammalian cardiac tissue) 1s primarily a property of the

slow conduction velocity and spongy structure of the tissue.

(3) Inhibition of Contraction by manganese.

The results of Part 1 have also shown that quantitative
studies on the effect of manganese on the normal twitch
contraction are rendered difficult and probably inéccurate
&e to four major compllicating factors:

(a) Bivhasic changes in the action potential duration and

thus the duration of the active state,
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(b) Variation in the action potential duration with stimulus
intensity in the presence of manganese, |
(¢) Stimulation threshold increases.

(d) Contracture development with longer exposures to

manganese,

Therefore analysis was confined to the cohtractures produced
by depolarisation with high potassiﬁmtsolutions and those |
produced (without large changes in membrane potentiai) by low
sodium solutions. Iangénese produced large inhibitions of
the contracture responses elicited by a reduction of the
external sodium concentration (150 approximately 0.6 mM).

Tor these contracﬁures the tenslon produced was proportional

to ratio C@] VFM:J .  The similarity of the inhibitory
: v 10 ’

effects of sodium and manganese on contracture tension led

to the derivation of equation 8 i,e.

It

This assumes that sodium and manganese show a simple
competitive antagonism towards calcium for external binding
sites which permit the entry of calcium into the cell and
subsequently the generation of tension. The results indicate
a tight binding of the cations to an anionic receptor site.

In this process the cations can be envisaged as undergoing

ion exchange reactions, the relative affinities for binding

beinz in the order Ca > !Mn > Na. The other divalent
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cations used in this work show inhibitory effects simllar
to that of manganese on the low sodium contracture, the

degree of inhibition being Cd > Co = Mn == Ni > Mg.

Manganese caused much less inhibition of the contractufes
induced by depolarisation of the cell membrane with high
potassium solutions than those produced by low external
sodium. This appears to be due to the fact that the effect
' of sodium 1s very simllar to manganese and sodium was present
in much higher concentrations than manganese in the potassium-
rich solutions. Therefore the effects of manganese were
being observed against the background of the large inhibitor
concentration already present, Previous Qork has suggested
that the potassium depolarisation contracture is largely
dependent upon the felease of internal calecium. The lack
of a large inhibitory effect of manganese on the potassium-
rich contracture could thus also be an indication of this

type of internal calcium release.

The resistance of the potassium-rich contracture to
inhibition by manganese is 1ess.when the external calclum
concentration is reduced (Figure 10), This might indicate
that calcium entry 1s required in order to trigger internal
calcium release, From experiments like the one illustrated
in Figure 10 it appears that a proportibn of the contracture
is sensitive to manganese inhibition (large initial decline
in contracture tension with increasing concentrations of
mangansse) while another part i1s relatively insensitive (the
small decrease in tension between 4 and 16 mM manganese

could be due to the hyperpolarising effect of manganese
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combating the extent of the depolarisation). The
manganese dose-dependence of the initial decline is similar

to that of the inhibition of the low sodlum contracture.

(4) Tension induced by univalent catlons.

It has been shown that following exposure to low sodium
solutions, in the presence of manganese, the addition of
sodium, lithium, hydrazine and hydroxylamine induces
contraction, This led to the proposition that sodium might
have two actlons, one inside and one outside the cell
membrane (Chapman and Ochi, 1971). Sodium inhibits calcium
entry at the external surface of the membrane but could
potentiate the entry of calcium'by its presence at an internal
membrane site,. The receptor sensitivities at the internal
and external sites should differ because of the vastly
different sodium and calcium concentrations in the internal
and external environmenﬁs (but of course it is the localised
sodiunm and calcium activities adjacent to the membrane sites
which are 1mportant. These are difficult to estimate and may
differ greatly from the values dalculated on the basis -of

tissue analysis).

An alternative infterpretation of these results 1s that
sodium, lithium, hydrazine and bkydroxylamine can act at an
external activator site to incresase the rate of the sodium-

calcium exchange system.

(5) The potentiation of contraction by manganese,
During the course of these experiments it became apparent

tha* manganese could induce an activation of contractile
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activity contrary to its normal inhibltory effects. This
exhibited itself in the slow contracture development with
prolonged exposure to manganese solutions (Figures 9 and 32b),_
the slow partial recovery of twitch tension following the
initial rapid decline and the potentiation of successive
low-sodium contractures throughout an experiment, This
opened the possibllity that manganese was taken up by the
cells during exposure to manganese containing solutions
and produced 1ts activating effects internally. 'In
experiments designed to test this suggestion, it was found
that there was a rapld uptake and a relatively slow loss.of
part of the manganese absorbed which led to its accumulation

by the muscle.

Despite the large accumulations of manganese found in
these experiments the possibllity cannot be excluded that
compartmentalisation.in the cell reduces the sarcoplasmic
free manganese to very low levels, The mitochondria, which
are known to be capable of absorbing large quantitiles of
manganese and are very numerous in frog heart, mlght play
a major role in this respect. The slow time course of
some of the efflux of manganese from the cells (Figure 34)
could indicate such a compartmentalisation. The faster
component of manganese efflux (Figure 34, top right) was
much slower than the extracellular solution exchange time
and could therefore correspond to the raﬁe of efflux of
mangan2se from the sarcoplasm. If manganese carries currenﬁ
during the action potential then on return to manganese-free

solutions this current will be outward as the equilibrium
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potential for mangansse 1is now very negative, This fast
component might therefore be the result of manganese efflux

via this route.

Apart from the mitochondria the sarcoplasmic reticulum
might also help decrease the sarcoplasmic manganese
concentration. Any such manganese uptake has been shown
to have 1little effect on the caffeine contracture (Figurs 29)
i.e. on the calecium released by the addition of caffeine,
this calcium being presumed to originate from the sarcoplasmilc
reticulum. This indicates that, at least in the short term,
any manganese uptake by the sarcoplasmic reticulum 1is nct
accompanied by a substantial 1os§ of the calcium releasable

by caffeine,

The binding of sarcoplasmic manganese to proteins and
glycoproteins is likely to be an important feature of the
reduction of the activity of free manganese in the sarcoplasm.
The affinity of manganese binding is greater than that of
calclum in many cases (Gurd and Wilcox 1956) so thenentry of
manganese could produce internal calcium release. This
would contribute to the potentiating effects observed in

manganese solutions,

The possibility that manganese can activate contraction
by substitution for calclum on the troponin molecule has
not been satisfactorily resolved. Ilore experiments are
required on extracted contractile proteins and the ions
required for their activation. If the long term potentiating

effects of manganese are due to a direct activation of
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contraction then the ability of manganese in this respect
must be small because of the relatively small effects
observed (although this could concélvably be due simﬁly to
a very actilve reduction of the free sarcoplasmic manganese

concentration to very low levels),

(6) Comparison of manganese with other calcium inhibitors.

One of the primary objectives of this work was to try to
estimate the usefulness of manganese as a typical'competitive
inhibitor of calcium entry in order to invesﬁigate the
calcium entry system. Various other ions and compoﬁnds
have been used in the past to block calcium entry. Some
of these have been tested in the present experiments for

comparison with manganese,

The drugs D-600 and verapamil appear to have been used
successfully previously to inhibilt calcium entry e.g. in
cardiac muscle (Fleckenstein et al. 1969) and squid axon
(Baker et al., 1973). In the present experiments D-600
increased the threshold for stimulation, inhibited the
potassium rich contracture to a small extent but did not- _
inhibit the contracture produced by removal of sodium. This
means that if D-600 inhibits the slow inward current of
voltage clamp experimasnts (which has beén presumed to be
the calcium entry required for the twitch contraction) then
the low-sodium contracture is not produced by calcium entry
via this route. Therefors does D-600 block calcium entry
via the sodium-calcium exchange system? In barnacle muscle

fibres the answer appears to be no (Ashley et al. 1974). If
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the low sodium contracture in frog heart is due to sodium-
calcium exchange then D-600 does not block this type of
calcium movement. It would be of interest to know 1if

D-600 blocks the better characterised sodium-calcium exchange

observed in the squid giant axon.

Qf the other divélent cations employed magnesium appears
similar to manganese but only at approximately ten-fold
higher concentrations. Cobalt and nickel produced similar
effects to manganése but cadmium was approximately ten times

more potent an inhibitor.

In conclusion, manganese appears.to be a useful tool
as an antagonist of calcium entry, although any ion which
itself enters cannot be considered completely satisféctory
especlally as internal effects of manganese have been alluded
to. However these effects are relatively small in magnitude.
Measurements of the uptake of mragnesium, nickel, cobalt and
cadmium have not been attempted but might show that they are
more suitable in thils respect. The usefulness of manganese
in the estimation and elimination of calcium fluxes in frog
heart might only be possible because of a very efficient
internal binding thereby reducing the free sarcoplasmic |

manganese concentration to near control levels,
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SUMMARY

The effects of manganese (and some other transition
elements) on the electrical and contractile properties

of frog heart muscle have been investigated.

The action potential became graded in the presence of
manganese i.e. both the overshoot and the action
potential duration were dependent upon the intensity

of stimulation.

Manganese produced only small decreases in the overshoot
and dgration of the action potential with relatiﬁely
high stimulus intensities. The results suggest that
manganese inward current may replace that normally

produced by calcium movements.

The cells were hyperpolarised by approximately 10 mV

for a ten-fold increase in the manganese (or calcium
concentration). This hyrperpolarisation could not
completely account for the large increases in the
threshold stimulus for contraction produced in manganese
and high calcium solutilons. These effécts produced by
manganese (and similar changes produced by the other
divalent cations employed) 2re consistent with a charge
shielding or absorption effect of these ions on the cell

membrane.

lMany of the changes in the action potential, resting
potential and excitability of the tissue could be
explained by a decreased sodium conductance of the cell

membrane together with an inhibition of calcium fluxes.
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The %twitch contraction was rapldly and reversibly
inhibited by manganese butthe complicated changes
produced on the excitation process make gquantitative

assessment of this inhibltion difficult.

The contracture responses produced by low-sodium
solutions were greatly inhibited by manganese (156
approximately 0.6 mM) and are largely accounted for by
assuming a competitive inhibitioﬁ of calciumr binding

by manganese, This type of inhibition appeared similar

to that produced by sodium.

The drugs D-600 and verapamil produced little or no

inhibition of the low-sodium contracture,

Sodium, 1lithium, hydrazine and hydroxylamine were able
to induce contraction In the presence of manganese

following exposure to sodium-free conditions.

Increasing the Intracellular sodium concentration by
exposure to low potassium solutions potentiated both
the low-sodium contracture and the twitch contraction.
The results add further support t the suggestion that
intracellular sodium is important in the regulation of

calcium influx.

Manganese produced less inhibition of the potassium-rich
contracture than of that produced by low-sodium solutions.
Tnis suggests that either ancother site is available for
calclum releasz during depolarisation which is relatively
insensitive to manganese inhibition or that depolarisation

increases the gradient for the inward movement of the
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calcium complex responsible for contraction.

The hyperpolarisation in manganese solutions is
insufficient to account for the inhibition of the
contractures produced by low-sodium or pbtassium-rich

solutions.

Contractures produced by the addition of caffeine were
not inhibited by manganese, This is consistent with
the idea that the inhibitory effect of manganese is due

to an action at the cell membrane.

Measurements of the uptake of manganese by whole
canulated ventricles indicated a large accumulation
and a slow loss of part of the accumrulated manganese

on return to manganese-free solutions.

Although manganese appzars to be a useful tool in the
study of calcium fluxes and contraction of frog heart
muscle the effects of the manganese that accumulates
inside the cells and the effects of manganese on the

excitation process often produce complications.
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THE EFFECTS OF MANGANESE " by D. ELLIS

ON FROG HEART MUSCLE . (January 1976)

ABSTRACT

1. The effects of manganese (and some other transition
‘elements) on the electrical and contractile properties

of frog heart muscle have been investigated.

2. The action potential duration and overshoot were
. dependent upon the intensity of stimulation in the

presence of manganese.

3. The cells were hyperpolafised by approxiﬁately 10 ﬁV

Jr*?ﬁgygalggnfﬁqldfihc;ease‘ip the manganese (or calcium =
concentrationf.%‘éTﬁiﬁiﬁyperpolarisation could not
cémpletely account for the large increases in the
threshold stimulus for contraction produced in

" manganese and high calcium solutions.

A, The twitch contraction was rapidly and reversibly

inhibited by manganese.

5. The contracture responses produced by low-sodium
solutions were greatly inhibited by manganese (150
approximétely 0.6 mM) and are largely accounted for
by assuming a competitive inhibition of calcium binding

by manganese.

6. The drugs D-600 and verapamil produced littlerr no

inhibition of  the low-sodium contracture.



7. Sodium, lithium, hydrazine and hydroxylamine were able
to induce contraction in the presence of manganese

following exposure to sodium~free conditions.

8. Increasing the intracellular sodium c0néentration Ey
exposure to low potassium solutions potentiated both
the low-sodium contracture and the twitch contraction
suggesting that intracellular sodium is important in

the regulation of calcium influx.

9. Manganese produced less inhibition of the potassium-rich
Acontractﬁre than of that produﬁed by low-sodium solutions.

10; The hyperpolarisation - in manganese solutions is
insufficient to account for the inhibition of the

contractures produced by low-sodium or potassium-rich

-soluttons, - —— - 7 ST

11. Contractures produced by the addition of caffeine were

mnot inhibited by manganese.

12. Measurements of the uptake of manganese by whole
_Canulated ventricles indicated a large accumulation
. and a slow loss of part of the accumulated manganese

on return to manganese~free solutions.



