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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 Sidney Ringer in 
1883 who reported that calcium was required to sustain the beat 
of the frogs heart in vitro. The abolition of contractile 
activity occurs within a few minutes of calcium deprivation and 
is not accompanied by a loss of the electrical activity of the 
tissue . (Mines,1 9 1 3). This differs from the case of skeletal 
muscle where the loss of contractility after calcium removal is 
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, 1 9 6 2). Calcium was 
found to be the only ion that produced a significant contraction 
when injected into frog skeletal muscle (Hielbrunn and Wiercinski, 
19^7)* These results suggested that calcium acts internally to 
produce activation of the contractile process. Subsequently 
micro-injection of calcium was shown to produce localised and 
reversible contraction in single skeletal muscle fibres of frog 
(Niedergerke, 1955) and crab (Caldwell and Walster, 1 9 6 3).

A great deal of our present understanding of the mechanism 
of contractile activation has paradoxically come from studies on 
the relaxation of muscle. Biochemical studies involving the 
fractionation of muscle tissue had shown the presence of a 
"relaxing factor" in the supernatant fraction (Marsh, 1951)*
This factor was capable of reversing syneresls (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, 196I) 
or 2 ,0 0 0 times in the presence of oxalate of* 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 fibres and observed 
localised contraction when the micro-electrode was immediately 
above the entrance to this transverse tubular system. This 
suggested /that the excitation of the muscle fibre sarcolemma 
was propagated down the tubular system to activate contraction. 
The close proximity of the calcium loading lateral sacs of the 
sarcoplasmic reticulum to these transverse tubules suggested 
that they might be regions from which calcium was released to 
trigger contraction following depolarisation of the cell membrane 
(Constantin et al, 1965; Sandow, 1 9 6 5).

The sarcoplasmic reticulum is much less abundant in cardiac 
muscle than in skeletal. However, at least in mammalian cardiac 
muscle it appears to be sufficiently active to fulfil a similar 
rôle in the relaxation process (Carsten, 1964).
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The calcium released into the sarcoplasm to activate 
contraction appears to act on the troponin molecule in higher 
animals (Ebashi and Kodama, 1966; Ebashi et al, 1 9 6 7)* Troponin 
prevents the interaction of actin and myosin and thus prevents 
contraction. The binding of calcium to troponin is able to 
lift this repression and thereby permit contraction.

Measurements of the uptake of ^^Ca by skeletal muscle cells 
have shown that with repetitive stimulation the uptake 
progressively increases (Blanchi and Shanes, 1959)* This was 
later confirmed in cardiac muscle (Winegrad and Shanes,1962; 
Niedergerke, 1 9 6 3), The increased calcium influx during 
stimulation suggested that this calcium might either activate 
tension directly or induce a calcium release from the sarco
plasmic reticulum (Ford and Podolsky, 1970; Endo 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 volume ratio.
This would be even more prelevant in frog heart muscle where 
the sarcoplasmic reticulum is less developed (Staley and Benson, 
19 6 8; Page and Niedergerke,1 9 7 2) and the cells are relatively 
small (average diameter Marceau, 1904). The transverse 
tubular system is absent in frog heart muscle (Staley and 
Benson, 19 68; Chapman 1971) so tension activation probably does 
not occur by exactly the same route as in skeletal muscle. The 
calcium entry into frog heart as measured by radioactive calcium 
fluxes (Niedergerke,1 9 6 3) 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 colclum. With the 
introduction of the powerful technique of voltage clamping to 
cardiac muscle (Rougier et al, 19 69; Masher and Peper,1969;
Ochi, 197O; 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 techniques 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 proportional to the ratio 
[ca]g y /  C^^o^ the bathing solution (Wilbrandt and Roller,
1 9 4 8), This was later confirmed and the results extended to show 
that contractures (sustained contractions) produced by 
depolarisation with potassium-rich solutions also appeared to 
vary with this ratio (Luttgau and Niedergerke, 1 9 58), This was 
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, 195T).
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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 
relaxation could be accounted for by a sodium-calcium exchange 
across the cell membrane (Chapman, 1974). The contracture

2 4 Ætension was found to be proportional to [Ca] ̂  and to \/|Na]^.
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 sodium-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 subsequent studies (Chapman,1971; Chapman and Miller, 
1974) suggested that during the normal twitch contraction the 
calcium that activates tension originates from three sites in 
series in the muscle. These three calcium sites or compounds 
were termed Ca^, Ca^j, 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 concotration 
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 
exhibited three approximately exponential phases. The rate of 
change of Ca^ was equivalent to the rate of interstitial solution 
exchange. Thus Ca^ 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 
during the action potential. Ca^^ 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 Ca^^ 
could be situated at or near the inner surface of the cell 
membrane (Chapman, 197I). Studies on contractures produced 
in frog heart by sustained depolarisation with potassium-rich 
solutions indicated that the tension that the muscle produced 
varied with the|ca]^^ (Chapman, 1 9 7 1). These results, suggest
ing a cooperative action of three calcium ions added further 
support to the hypothesis of three calcium compounds or sites 
being involved in contraction 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 
calcium activation has been demonstrated in mammalian heart 
(Kleinfeld and Stein, 1 9 6 8) and smooth muscle (Nonomura et al, 
1 9 6 6), barnacle muscle (Hagiwara and Takahashi,1967), frog 
skeletal muscle (Oota et al,1972), frog neuromuscular junction 
(Meiri and Rahamimoff, 1972) and the calcium uptake associated 
with excitation of squid giant axon (Baker et al, 1973)* The 
Influence of manganese on frog heart muscle is of considerable 
interest because of the apparently large dependence on external 
calcium of both excitation (Niedergerke and Orkand, 1 9 6 6) and 
contraction (Ringer 18 8 3; Wilbrandt and Roller, 19^^ ). The
over-shoot of the action potential has been reported to decrease
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in the presence of manganese (Hagiwara and Nakajlma, I9 6 5), 
consistent with the entry of calcium at least being partially 
responsible for the depolarisation phase of the action potential 
(Niedergerke and Orkand, I9 6 6). The twitch contraction of frog 
heart is 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 OP DIVALENT CATIONS 
ON THE ELECTRICAL PROPERTIES OF THE HEART

METHODS (1)

(1) The preparation and the experimental chamber.
The experiments were performed in a constant temperature 

room (20- 1°C) on hearts from adult frogs (Rana pipiens). The 
frogs were maintained in a 4^0 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 I, 
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 (4o yU diameter) v/as 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 1.

Muscle (M) situated in perfusion channel* One end 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 muscle was 
not limited to any great extent by the time required for change 
of perfusate.

The solutions were contained in Marriot bottles (not 
illustrated) in order to maintain a constant pressure head and 
thus a constant flow rate. Solutions were gassed with oxygen 
except when actually being used for contracture measurements,
A few seconds prior to switching solutions the new solution was 
allowed to flow 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 normally in the range 1 .5  -
4,5 V for 20insec pulses. The rate of stimulation was determined 
by a Devices digitimer. The tension transducer output was 
displayed on a Tektronix 502A oscilloscope and a Southern 
Instruments U.V. chart recorder (1 KHz galvanometers).

(2) Intracellular measurements
Cell resting and action potentials were measured with 

conventional 3 M - KOI - filled micro-electrodes (8 - 20 Mil). 
Measurements were made either between two micro-electrodes or 
between one micro-electrode and an Agar KCl: Ag Clg: Ag 
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 — 1210 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 AgrAg 01^:KC1:RingerKCl 
AgariAgClgiAg was normally ^ 3mV and was regularly checked 
throughout the experiment by breaking a micro-electrode 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) were selected.
In some experiments the micro-electrode filling solution was 
acidified to pH 2 as this appears to reduce tip potentials 
(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 
measurements.

When two micro-electrodes 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 enlargement 
and measurement. Where resting potentials were to be 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 
AgrAg 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 

(Pisons Ltd.), where available. Glass distilled water was 
used for Ringer solutions and double glass distilled water 
for solutions to which no sodium was to be added. Contamin
ation levels of calcium and sodium were determined by atomic 
absorption spectroscopy and were found to be ^ - 5 and 
1 - 2  yiiM 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 I. 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.e.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 bicarbonate buffering is excluded because of the low 
solubility product of manganese phosphate 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 irM 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 hypodynamie state 
(Clark, 1919; Chapman and Niedergerke,l970A) 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 is illustrated in Figure 5 . The 
resting potential has been plotted as a function of the total 
external divalent cation concentration i.e.calcium plus manganese 
The calcium concentration was maintained at 1 mM throughout. 
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 I6 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 addition of 
20 mM manganese to the sartorius muscle. Hyperpolarisation is 
often produced by divalent cations, so much so that Shanes 
(1 9 5 8) termed these hyperpolarisations a stablising effect on 
the membrane. It is therefore not surprising that increasing 
the calcium concentration produces similar changes to that of 
manganese on the resting potential (Fig.5 . squares Joined by 
dashed line). Over the range 4 to I6 mM calcium the regression 
line for the points shows a hyperpolarisation equivalent to
1 0 .5  mV for a ten-fold increase in the calcium concentration.



Figure 3.

Resting membrane potential changes produced by the 
addition of manganese (circles joined by solid line) 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 calcium. The 
ventricle strips were stimulated at a rate of 1 min~^ and 
were exposed to each test solution for 25 minutes and then 
returned to normal Ringer for 60 min. before the next 
application of a test solution was made. Eight to twelve 
acceptable micro-electrode penetrations and hence resting 
potential measurements were made in each test solution in 
each of eight experiments. Points shown are the mean of 
the experiment means, the vertical bars indicate - 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 Pig.5) where a 4.9 mV hyperpolarisation was found for a 
ten-fold increase in calcium concentration over the range 0 .1  

to 10 mM, the relationship being shallower at low calcium, and 
steeper at high calcium concentrations. However, Ware (196I) 
also using frog ventricle, reported a 5*4 mV increase in 
membrane potential for an increase in calcium concentration 
from 1 .0 8 to 5*24 mM i.e. equivalent to an I8 mV change for a 
ten-fold increase in calcium concentration. This larger 
increase may have been due to the high rate of stimulation 
( ^  20 min“^) or the lower potassium concentration (1.88 mM) 
in his experiments. In frog sartorius muscle Jenerick and 
Gerard (1955) 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 be little difference between the extent of hyperpolarisation 
produced by calcium or manganese. The curve for calcium is 
shifted slightly to the right of that of manganese i.e. calcium 
appears to be slightly less effective at producing membrane 
hyperpolarisation.

(2 ) The overshoot of the action potential and manganese
Hagiwara and Nakajima (1 9 6 5) 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 Pig,4. A decrease of approximately 5 mV occurred when 2 mM



Figure 4.

Changes in the overshoot of the action potential 
produced by manganese. The muscles were 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. The length 
of the vertical bars indicate - one S.E. of the mean.
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manganese was present. However, higher manganese 
concentrations did not produce correspondingly greater 
decreases in the overshoot unless very high concentrations 
were employed (l6 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 associated with the hyperpolarisation produced 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 in 
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 i.e. manganese acting as a charge 
carrier during the plateau phase of the action potential.
This would suggest that manganese is similar to barium and 
strontium which are believed to be capable of acting as charge 
carriers during the cardiac action potential (Masher,1973; 
Pappano and Sperelakis,I969; Vereecke and Carmeliet,1971)•

(3 ) Submaximal stimulation in the presence of manganese.
Figure 5 shows that the action potential duration and 

overshoot in the presence of manganese are very dependent upon 
the degree of stimulation of the preparation. A decrease in 
action potential duration and overshoot was produced by 
submaxiraal stimulation i.e. by a decrease in stimulus intensity 
(Fig. 5A) or stimulus duration (Pig»5B). Similar findings were 
reported by Babskii and Donskikh (1973) and Goto and Brooks 
(1 9 6 9), also in frog ventricle.



Figure 3»

The effects of submaxlmal 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, 1 0 .8 and l4.5 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 stimulus 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 
potential parameters would show a much greater dependence on 
the manganese concentration. Studies involving conducted 
action potentials are therefore likely to show larger decreases 
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 measured 
in the present experiments when compared with the results of 
Hagiwara and Nakajima (I9 6 5).

Goto, Abe and Kawata (I9 6 1) 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 is sufficient to excite only a small number of cells 
in the preparation the action potential 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 potential observed in extremely thin auricular 
trabeculae exhibits only 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 after 
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 stimulus strength was 
maintained at six times the threshold throughout. 
Stimulation rate was 4 min”^.
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duration produced by the addition of 2 mM manganese. Prior 
to the decrease in the duration, a transient increase 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 transition 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 increase in the calcium concentration can also produce 
a decrease in action potential duration in frog ventricle 
(Niedergerke and Orkand, I9 6 6) 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 ability of manganese to prevent full generation of the 
normal action potential at low stimulus intensities as described 
above.

Figure 8 illustrates a comparison between the effects of 
calcium (Pig.8 left) 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 manganese at a point corresponding to 1 minute on 
the time axis. Continuous impalement of the same cell.
The stimulus rate was 4 min~^ and the calcium concentration 
was 1 mM. Note change of scale on the time axis.
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as that stimulus intensity just 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 illustrate 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 then 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 
(1 9 6 9) as 8.2 mV (stimulation rate 24 min~^). Thus the 
hyperpolarisation produced by 2 mM potassium is approximately? 
equivalent to the hyperpolarisation produced by 8 mM manganese 
( = 6 .3  mV, Pig.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”^. 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 (ImM calcium). The threshold in 
normal Ringer was measured before and after every *test^ 
solution. The preparations were 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 foui 
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 potential and 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 mM Tris-chloride was found to produce no 
increase in threshold. It therefore seems unlikely that the 
extra increase in threshold could be due to an osmotic effect.

The involvement of the release of endogenous transmitter 
chemicals by manganese or high calcium is ruled out because 
the increased threshold in these solutions was not reduced by 
atropine (1.2 x 10~^M) or pronethanol (12 ̂  gm/ml).

It would seem therefore that manganese (and calcium) 
produces an increase in threshold in frog heart which is only 
partly accounted for by a hyperpolarising effect.
Prankenhaeuser 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 occurs in the 
depolarisation of the squid axon. This was suggested by 
A.P.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 associated 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 in manganese
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may therefore be accounted for by this charge screening 
effect of the divalent cations, an idea supported by the 
results of Hagiwara and Nakajima (I9 6 6) 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 shovm to produce 

an increase in resting membrane potential in frog rayellnated 
nerve (Schmidt, i9 6 0), frog skeletal muscle (jenerick and 
Gerard,1 9 5 5), rat diaphragm (Gossweiler et al, 1954) cockroach 
giant axon (Narahashi,196^1, lobster giant axon (Dalton, 195S) 
and frog heart (Niedergerke and Orkand,1966; Ware,196l).
However, increased calcium was without effect on the membrane 
potential of mammalian Purkinje 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 cation concentration over the range ^ - 17 mM.
At lower concentrations the relationship was less steep. 
Manganese addition produced slightly more hyperpolarisation 
than equivalent concentrations of calcium over the whole range.

A possible cause of the hyperpolarisation in solutions 
with raised divalent cation 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,1975)* 
This was interpreted in terms of a decreased potassium
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conductance. (Chiarandini and Stefani found 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 decreased 
potassium conductance had occurred but that it could not. 
easily be demonstrated).

An alternative mechanism proposed for the calcium hyper
polarisation observed in frog skeletal muscle was a decrease 
in the membrane sodium conductance (Adrian and Freygang,I9 6 2), 
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,1 9 6 6). This 
has been confirmed in these experiments* However smaller 
decreases in overshoot were found, the effect being almost 
maximal in 2 mM manganese. Above I6 mM manganese lower 
overshoots were observed. Experiments have shown that these 
probably resulted from the concoramitent increase in threshold 
in manganese - Ringer yielding graded responses and preventing 
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 (Babskii and Donskikh,1973)> in 
manganese and hypertonic solutions (Goto and Brooks,19 6 9)# 
in magnesium and hypertonic solutions (Ohshima, I9 6 9) and in 
increased potassium concentrations (Tritthart et al, 1973). 
Thus in these conditions where the conduction velocity is 
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 calcium current observed in voltage- 
damp studies? Goto and Brooks (I9 6 9) suggested that the 
initial spike triggers the plateau response and that twitch 
contractions only occur with the appearance of the plateau. 
This could be interpreted as suggesting that the calcium inward 
current assumed to be associated with contraction only occurs 
during the plateau phase. Alternatively, the short duration 
of the spike depolarisation might be insufficient to trigger 
an internal release, or a transmembrane 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 lines 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 spike, the plateau might be 
generated by neighbouring cell interaction as a result of 
the syncytial nature of cardiac tissue. Thus neighbouring 
cells could act as a large current source for the plateau 
component. This might account for the shorter action 
potential in atrial tissue which has a more regular 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 
excitation (Goto, Abe and Kowata,196l) thus prolonging the 
action potential. The rather slow subthreshold local 
responses (Figure â.1, 5bl, 5b2) might further support this 
suggestion.

Perhaps the most widely accepted explanation for the 
prolonged plateau of cardiac action potentials has been 
summarised by Noble and Tsien (I9 6 9). The plateau is 
considered to be dependent upon delayed potassium currents 
responsible for repolarisation. High divalent cation con
centrations could thereby produce action potential shortening 
by reducing the delay of onset of these currents. 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 
(1 9 6 6) 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
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and Vassort 196?), rabbit (Takahashi and Holland,1 9 6 9) and 
guinea pig (Stanley and Reiter,19 6 5) whereas a prolongation 
was found in dog heart (Kleinfeld et al, 19 66). Takeya and 
Reiter (1 9 6 6) 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 changes were due to 
a diffusion delay in the muscle i.e. low extracellular 
manganese concentrations were initially experienced Ify the 
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 experiments no prolonged increase 
in duration in manganese was observed in the lowest con
centrations employed (ImM). 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 equivalence 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 activities 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 concentrations 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 roM calcium compared to approximately 
a 200$ increase in 17 mM.calcium in these experiments. The 
larger threshold increases would be expected in the experimots 
of Fukuda as whole auricle or whole ventricle were used.
Thus a larger décrémentai current spread would be anticipated.

The hyperpolarisation produced by increased calcium or 
manganese was sufficient to account for only 25 - 4o$ (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 (Gilbert and Erhenstein,1 9 6 9). 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 action 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,i9 6 0). 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,196l; Niedergerke and 
Orkand,1966), Thus despite the membrane hyperpolarisation 
in high manganese and calcium solutions a decrease in the 
peak sodium conductance probably occurs. However the decrease 
in overshoot in manganese is unlikely to result solely from 
a decreased sodium conductance, Niedergerke and Orkand 
(1 9 6 8) 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 anl8.3 mV change 
in overshoot for a 10-fold change in calcium concentration.
Thus the decrease in overshoot in manganese is more likely to 
have been due to an inhibition of transmembrane calcium 
movement. As was suggested earlier, manganese might be able 
to substitute for calcium to some extent as a charge carrier 
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 opposing influences, (a) a decrease 
in overshoot produced by the inhibition by manganese of calcium 
entry and (b) an increase in overshoot due to a manganese 
inward current. These two processes 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 are best accounted for by assuming a decreased 
resting sodium conductance, and a reduction of the peak 
sodium conductance associated with the depolarisation of the 
action potential.
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PART 2. MANGANESE AND THE CONTRACTION 
OF THE HEART.

METHODS (2)

(1) The preparation
The preparation chosen for contracture experiments was 

the thin auricular trabecula. This has the advantage that 
it is much thinner (1 - 2 mm long with a diameter of 40 - 
100 ja) than ventricular strips so that solutions can 
equilibrate 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 time for diffusion in the extra
cellular spaces. Auricular trabeculae are also much more 
robust and more easily isolated than the thinnest ventricular 
trabeculae,

(2) General procedures
The isolation 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 auricular trabeculae 
in viev^ of the small dimensions.

The auricular trabecula can be considered 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 access to the 
surface membranes of central fibres. The maximum contractile



31.

forces obtained with auricular trabeculae are approximately
3,000 times the wet weight of the tissue. This is somewhat 
less than that obtained with single skeletal fibres and is 
probably related to the lower proportion of contractile 
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 ât an early 
stage in the experiment.

To compensate for any unidirectional drift in contractile 
forces a "mirror image" procedure (Chapman and Niedergerke, 
197OA) was adopted for the sequence in which the contractures 
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”^ 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 circuit
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energised by a Southern Instruments M.1271 bridge power 
supply. The transducer output, 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. 
Tension and its first time differential (obtained by an R-C 
network with a variable time constant) were simultaneously 
displayed on the U.V. recorder using 1 KHz galvonometers.
The differentiating circuit was calibrated by ramp voltages 
obtained from an oscilloscope time base. The transducer 
was calibrated with a series of known weights.

An Ampex P.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 means are 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 K and V values for plots of the Lineweaver-m niwjc
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 (tĵ  = 3 - 5  sec)
2

of twitch tension (Figure 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 arrow) 
a larger contracture develops and twitch tension is 
potentiated. This contracture relaxed fully after a further 
10 - 12 minutes in normal Ringer. The contracture in 
manganese solutions is 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 is assumed, as is widely accepted, that manganese inhibits 
calcium influx into cells then the contracture development 
appears somewhat anomalous.

The rapid inhibition of twitch tension of manganese would 
suggest a superficial site of action e.g. the cell membrane. 
The twitch contractions in frog heart are very sensitive to 
the external calcium concentration (Chapman and Niedergerke, 
1 9 7 0), so it would not be unreasonable to assume that the 
rapid inhibition of taislon results from a decreased trans
membrane calcium influx.

The duration of the action potential controls the duration 
of contraction in cardiac muscle (Kavaler,1959)• Therefore a 
possible cause of the decrease in twitch tension in manganese 
might appear to be the shortening of the action potential



Figure 9.

Manganese inhibition of twitch contractions. Record 
shows contractile tension produced by a regularly stimulated 
(4 rain**̂ ) frog atrial trabecula. 8 mM manganese was added 
at the first arrow and removed after 10 minutes 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. Calci 
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 manganese produces a large decrease 
in the rate of rise of twitch tension but only a small 
decrease in the time to peak tension (the latter being 
proportional to the action potential duration).

A study of the effects of manganese on the twitch contract
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 (4) 
threshold increases. In an attempt to circumvent these 
problems the effect of manganese on the contracture responses 
(sustained contractions) induced by high potassium (Chapman 
and Tunstall 1971) and low sodium (Chapman,1974) solutions 
have been studied. High potassium solutions produce a 
sustained depolarisation in frog heart muscle (Niedergerke, 
1 9 5 6) thereby eliminating any problems associated with changes 
in the action potential duration.

(2) Manganese and the potassium-rich contracture
Figure 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 upstrokes 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. Manganese was added 30 second 
prior to the contracture inducing solutions containing 
manganese to permit its extracellular equilibration. After 
each contracture the muscle was allowed to recover in norma! 
Ringer solution for l6 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 proceeding 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 long periods in manganese 
(as described earlier). Pretreatment periods of 30 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 potassium-rich 
contracture tension in the range 0 to 4 mM manganese but little 
further inhibition in the range 4 to l6 mM (Figure 10), The 
small decrease in tension between 4 and l6 mM manganese could 
be partly due to hyperpolarisation of the cell 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 thusproducing

contracture potentiations (Luttgau and Niedergerke,19 58;



TABLE 2

Solutions Resting Standard error Number
Potential of mean of cells

mV mV
3K ICa 82.6 0.6 51

8Mn 3K ICa 88.1 0.9 35

15K ICa 59.2 0.6 44
8Mnl5K ICa 63.0 0.7 43

lOOK ICa 20.3 0.5 40
8m  lOOK ICa 22.0 0.5 41

Significance 
of hyper
polarisation 

P

< 0.001

< 0.001

< 0.02

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.
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Chapman and Tunstall,1971) manganese was added without 
osmotic balancing i.e. manganese solutions were slightly 
hypertonic. High tonicity produces a small decrease of the 
potassium-rich contracture tension (Chapman and Tunstall,
1 9 7 1) but the slight hypertonicity of the manganese solutions 
is unlikely to have contributed greatly to the decreased 
tension in the range 4-16 mM manganese.

Low concentrations of manganese 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 the permeability 
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 tension-depolarisation curve.
Figure 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 depolarisatj
with various potassium-rich solutions in the presence (close 
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 potassium chloride to solution H and were 
therefore not equihypertonic to the other solutions.

Right: Contracture recordings from the experiment illustra
on the left. Manganese was applied for 30 seconds prior t| 
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 Niedergerke (1958) found that 
the membrane potential in 50^ sodium solutions did not differ 
significantly from that in 100$ sodium. Both changed by 
approximately 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 potassium concentration 
in Figure 11 is difficult to estimate. These points are 
therefore included only as a qualitative comparison.

The presence of manganese in the bathing fluid did not 
appear to shift the threshold for contracture dev^bpment to 
higher depolarisation levels as it does in skeletal muscle 
(Stefani and Chiarandini,1972)• However, as pointed out 
by Lindly et al (1972), 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 distinct 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 skeletal muscle manganese shifts the tension- 
depolarisation curve to higher depolarisation levels 
(Edwards and Lorkovie,1967; Chiarandini and Stefani,1972).
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 depolarisations. In 
other experiments the tension-depolarisation curve was 
shifted to more negative levels by the use of higher calcium 
or lower sodium concentrations (Niedergerke,19 5 6) 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 
is 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 required to produce a given tension. 
%n 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.

Further evidence that the potassium-rich contracture in 
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-depolarisation curve to 
more positive potentials in skeletal muscle (Luttgau,I96 3; 
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 correction 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 crossover 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 with potassium-rich solutions is not very 
sensitive to manganese inhibition. However, tension is 
proportional to the ratio ^ in frog heart
(Willbrandt and Roller, 1958)* This could mean that the 
inhibition caused by sodium is so large as to hide the effects 
of manganese especially if the affinities for manganese and 
sodium are similar because 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 concentration in the solution 

bathing frog heart muscle results in the development of a 
large contracture (Luttgau and Niedergerke,1958; Chapman,
1 9 7 4). 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. Tension was produced rapidly in 
each case and was followed by a complete spontaneous relax
ation of tension within approximately 5 minutes. The peak 
tensions produced by sodium removal were similar but the rate 
of rise of contracture tension was normally slightly 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



Figure 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 l)
The calcium concentration was 1 mM throughout.
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Figure 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 solutic 
The réintroduction of sodium produced a rapid return to the 
resting tension.

In the normal Ringer the muscle was electrically stimu] 
(rate 4 min~^ ) and the resultant twitch contractions can bq 
seen on the tension records.

Calcium concentration was 1 mM.
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mixing solutions A and C, and A and B respectively (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 of 
sodium. These experiments show that there is very little 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 hydrochloric 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 potentiated 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 to 
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.



Tris

Hydrazine

15 sec

m

J U

0117 117



Figure 13,

Comparison of contractures produced by substitution 
of Tris and hydrazine for sodium.

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 3, 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 inhibitory effect on the response to reduced sodium 
concentrations.

In order to study the antagonism between calcium and 
manganese it is necessary to find a sodium substitute that 
shows little or no calcium antagonism. All of the sodium 
substitutes tested have some drawbacks: sucrose 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 in its unionised form and could 
thus participate in intracellular reactions in a similar 
manner to other primary amines (Mahler, 1 9 6 1); lithium 
accumulates 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 potentiating effects under most conditions 
some of which are not readily reversible,

Tris-chloride was finally 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 l6 (top trace) shows the normal contracture 

produced by removal of sodium. The middle three traces 
illustrate that the addition of 8 ml'4 manganese (between the 
arrows) produced a rapid decrease in contracture tension. 
Removal of manganese permitted a return 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 ^  seconds before 
the removal of sodium (also in manganese) almost completely 
blocks the contracture response.

Figure 17 shows the effect of various manganese concen
trations on the sodium-free contracture. The tension 
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 69- 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 
various times during the contractures. Top recording 
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 1.8?, coefficient of correl
ation 0 .8 8 2 0. 1 mM calcium throughout.
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used. The experiments were performed on both summer and 
winter frogs and these have significantly different internal 
ionic contents, particularly for sodium (Novotny and Blanchi
1973) and calcium (de Boer, I9 1 8), Another possible source 
of the variability 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, 
V/hen 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.^2 S,D. Three experiments 
with nickel had a mean slope of - 2,07. The corresponding 
value for cobalt was -I .8 0 (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 tonic 
tension (Figure I8 ).

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 inhibition 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 nickel 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 contracture and vice 
versa for the phasic contraction. The calibration bar 
(right) gives the size of the uninhibited sodium-free 
contracture. Calcium concentration was 1 mM.
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TABLE 3

Resting
potential
(mV)

Standard 
Error(mV)
Number of 
cells

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

8mM manganese

82.2

0.6

47

86,6

0.8

33

89.8

1.2

33

88.6

0.7

33

Students t-test for significant difference between

Sodium-free and Normal Ringer P < .001
Sodium-free,8 mM manganese & Normal Ringer P< .001
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 
calcium was 1 mM in all solutions. Sodium was substituted 
by Tris in the sodium-free solutions.



measurements in four ventricle strips. The sodium-free 
solutions produced an increase of resting potential (see 
also Chapman,19 7 4). Manganese produced a slight further 
hyperpolarisation. However, such changes should have 
little inhibitory effect on the contracture response because 
similar hyperpolarisation by low potassium solutions (see 
Figure 2 6 ) 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 concentrations as is 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 coopérâtivity 
in the calcium transport system can be studied (Chapman,1971)• 
The mean slope of log-log plots of nine similar experiments 
in which the points fitted a straight line with a coefficient 
of correlation of greater than 0 .9 0 was 2.10- 0.21 S.E,

It can be seen from Figure I9 that an x-fold increase 
in manganese concentration is approximately equivalent to an 
X  -fold reduction in calcium concentration. Thus the ratio
N a for equal tension production was measured at

various tension levels. The mean ratio was found to be 
0 .98- 0 .0 8 S.E. (1 5 experiments). The proximity of this
ratio to one indicates that under the conditions of these

NV  1 Mni o
experiments tension is proportional to if Oy/| M̂n]



Figure 19.

Maximum sodium-free contracture tensions produced by 
various concentrations of calcium in the present of 2 mM 
(filled circles) and 3 rnM (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 = 2,
oG = 1, = 2.0 and CO = l4l.

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 of testing for competitive inhibition in 
enzymic reactions have been applied 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 contracture tension (of 
the results on the left of the figure) have been plotted 
against the reciprocal of the calcium concentration* 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 between calcium and manganese at a 
site which can lead to tension production.

The power relationship observed between tension and the 
calcium and manganese concentrations indicates that tension 
is proportional to [caj  ̂ and \Zj[Mn ^ (since the slope of 
log tension versus the log of the calcium concentration was 
approximately + 2 and log tension versus the log of the 
manganese concentration was approximately -2). This is in 
accord with the results of Chapman (1974) where by alteration 
of the sodium concentration the strength of the contracture 
produced was found to vary by the [jla] and the\/^Ja] ̂  .

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 + Nag R ^  Ca R H- 2 Na (1)

A similar antagonism between calcium and magnesium has
been studied at the frog neuromuscular junction (Jenkinson,
1957; Dodge and Rahimiraoff, I9 6 7). In this case the calcium 
and magnesium were assumed to bind to a receptor site X 
such that,

Ca + X #  Ca X <2A)
Mg ^ X 1̂ 5 X (2B)

Although the models are very similar, they differ in that 
the receptor site or molecule is assumed to be able to exist 
free as X in the latter case. In the model presented for
frog heart the receptor R can only exist in 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, if the normal nonmenclature for 
enzyme inhibition is applied, and X^ is the total concentration 
of enzyme (receptor) bound and unbound and IX is the 
concentration of enzyme bound to the inhibitor (e.g. manganese), 
then from equations similar to 2A and 2B,

I Caj (  jx^'j -  [caxj -  | ix ] )  = Km {caxj (3A)
[l] (L^oJ - M  - W )  = K1 [ix ] (3B)

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

[ca X] . ^  , (4)

where Ci) is a constant. Tension is assumed to be proportional
f*to jCaXj i,e, U  is the number of CaX molecules required 

to generate tension at the unit level.

Equation 4 is the usual equation of simple competitive 
inhibition in an enzyme process where |”cŝ  corresponds 
to the substrate concentration and [caxJ corresponds to the 
rate at which the reaction proceeds (tension production in 
this case).

Thus in a Lineweaver-Burk plot of the type illustrated
in Figure 19 the intercept with the x  -axis is equivalent to 

1
— i.e, the reciprocal of the apparent Km.

Km i 7 m
K1 J

If. yS = Km ( MKm f I + — -
Ki

then Ki = Km [l]

yô - Km

so that at two inhibitor concentrations Î̂ j and

there will be two lines intercepting the X-axis at and
P  1

1
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Km i'iJ Km lïJ
Thus Kl = and Kl ^

-Km 2 - Km

lûn (Ij Km lig]

/3l - Km / S g - K m

which gives,. Km =
■IJ

(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 p  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 O.9O). A negative Km is of course not feasible 
thus we would be forced to conclude that Km is very close to 
zero. Prom the values of the Km so obtained the Ki can be 
calculated from equation 5 . The mean value was found to be
o.66i 0.59 S.E. ( n = 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 Ki 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,

[caR] = ^  ... . V  ............... (6A)
H   ̂ + N

where CO is a constant and is the equilibrium constant
of the reaction. They found that the contracture responses 
could be fitted by the equation.

N o  ^Ca
*̂ raax oc I   —  I (7 )

[Na] /  + [ca] ̂  K,Ca

where C  ̂ is the maximum contracture tension and w  and oc max
are proportionality constants. The value of Ti> was found to
be 3 for contracture tension produced by depolarisation of 
the muscle.

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

Ca + Na^R ^ CaR 2Na (with equilibrium constant K̂ )̂

and it is assumed that the interaction of manganese with the 
receptor is similar then,

Ca + Mn R ^  CaR + Mn (with equilibrium constant Kg)

jca Rj [Na] ̂
[Nag rJ =   :----  (7A)

N  K1
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and [Mn aj [ca R] [mh]

[ca] K„
(7B)

It is assumed that

Nag R + Mn R + Ca R = 1

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

then
[ca r] [Na] 
[ca]

[can] [Mn[

N

[ca r ] =

R  N  Kg [ca]

Thus
max =0C

w [ca]
|Ca] + [Na]2 + [Mn]

K,

n
(8)

As tension was found to be proportional to |caj y  NaJ

and \/|]Mn] for low-sodium contractures then TL is assumed to 
equal 2.

From equation 8,

\/^max
s/oc 0Ü [ca]

[ca] +
^1

w

This equation is similar to that describing a rectangular
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hyperbola. Thus a Lineweaver-Burk plot can be applied.
A plot of max versus
intercept on the oc-axis of

pg- gives a line with an 
1
+ (ml

If 'X = N [wn]
K,

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 
concentrations,  ̂Mn^ and Mng, the difference between the
two intercepts on the x-axis

%
will give

-  %
Mn. Mn,

K,

Mn,
Thus K,

Mn,
where = "Xi - A g

The mean value of the equilibrium constant has been 
calculated for the same six complete experiments (of the type
shown in Figure 1 9 ). The mean value of Kg 
(range 1,48-7.16).

3 .36- 2.10 S.D.

One complete experiment with nickel gave a Kg = 1.77 and 
another using cadmium produced a Kg = 0.37.
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The lines in Figure 19 (left) have been drawn according 
to the equation.

CO
cmax oc

[ca]
[ca] ̂  + [Mn]

W i t h  U  = 2  ̂ = 1, Kg = 2.0 and co = 140.

Not all the experiments were as successful as that 
Illustrated in Figure 1 9 . This was probably due to two 
major causes, (l) potentiation of the later contractures 
in a series and (2) a slightly greater power relationship 
than is given with Tl = 2. The potentiation of successive 
contractures is 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 intervening periods in normal Ringer, some reduction 
in the inhibition produced by manganese was observed. 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 5 that suggests that manganese is taken up readily 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 S.D. However in the latter 
case the experiments were performed in various low-sodium 
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 a plot of the reciprocal 
of the square root of contracture tension versus the reciprocal 
calcium coneentrâtiondid not always adequately compensate for 
the power relationship. Indeed a better fit for some other 
experiments was obtained with the reciprocal of the cube root 
of contracture tension. However the calculated value of 
was not significantly different in these other experiments.
Thus in three experiments where the cube root of contracture 
tension was used, = 2.29- 2.27 S.D.

In Figures 20 and 21 an experiment is illustrated where 
the sodiu^ 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 2mî4 manganese (triangles) and 4 raM 
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 calcium (closed 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 tensions produced by low-sodium 
solutions with variation of the manganese concentration 
(left) and calcium concentration (right).

Left: Maximum contracture tensions produced in the absence
of manganese (filled circles) are compared with the responj 
in 2 mM manganese (filled triangles) and 4 mM manganese 
(open circles). 1 mlvl calcium throughout.

Right: Maximum contracture tensions produced in 1 mM
calcium (filled circles) are compared with the responses iif 
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 = 0 .8 5, Kg - 2 .8 5, ^  = 1.5 and 
03 = 4,220 (i.e. the maximum contracture tension predicte 
by the Lineweaver-Burk intercept with the tension axis in 
Figure 21 right).
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Figure 21,

Left: Examples of the contracture responses to low-sodium
solutions from the experiment illustrated in Figure 20 
(left).

Right: A double reciprocal plot of the results illustrate;
in Figure 20 (right). The intercepts with the calcium 
concentration axis allow calculation of the value of 
and subsequently (equation 8), The common intercept
with the y - axis was taken as the value for CO . These 
values of Kg and were used to produce the curved li 
in Figure 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 ■ -K—  can be omitted. The value of K,

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 Kg from Figure 19 (Page 51 ).
It will be apparent that a plot of versus
will have an intercept with the X-axis of 1

[NaJS
The results expressed in the form of a Lineweaver-Burk plot2
are shown in Figure 21 (right). If we let 9 = —ÎÎ2—

%
and at any two sodium concentrations (Na^ and Na^) let the 
difference between any two intercepts with the X-axis 

= 0^ — 0g — 9^ 5 then.

Ki

thus ^ lMaJ2 _ lliaj 2

From various combinations of pairs of intercepts in 
Figure 21 (right) the mean value of was found to be O.BO
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(range 0.75 to 0.83). An alternative method of calculating 
is directly from the Intercept at any given sodium 

concentration as the intercect = ^1 The mean value

of calculated by this method was 0 .8 5 .

The value of Kg can be calculated if two sodium-raanganese 
mixtures produce equal tensions while the calcium concentration 
is constant. If the sodium and manganese concentrations in 
the two mixtures are , jjlnj and |Nag| ̂

respectively then.

|ca] ÜJ [ca]

[ca] + J  ^ |ca] + jNa ]̂ ^ + jmngj
Ki %  K2

[NaJ2 ^ + [mii,!
Kg

K2
K i ( K 1  - M )

N '  - K ?

From sodium-nanganese mixtures producing equal tension in 
this experiment the mean value of Kg was calculated to be 
2.84 (range 2.07 - 4,15) assuming = O.8 5 . Therefore
using these values for K^ and Kg theoretical curves can be 
produced according to Equation 8 for various concentrations of 
sodium, calcium and manganese. The lines drawn through the 
points in Figure 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 is in accord with previous results (Chapman,
1 9 7 4) where curves derived from equation 7 were found to 
intercept the y - axis 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 noticeable 
that in the presence 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 Of approximately 
10 mM sodium (Figure 23 top).

Similar experiments were performed by the addition of 
lithium instead of sodium (Figure 22 right). However the -



Figure 22.

Sodium and lithium induced contraction in the presence 
of manganese.

Left: Following exposure to sodium-free solution containing
8 mM manganese the addition of small amounts of sodium 
(concentrations are expressed in mT'l/litre) is able to 
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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Figure 23>

Maximum contracture tensions Induced by the addition 
of various sodium(top) and lithium concentrations (bottom) 
following exposure to sodium-free solution In the presence 
of manganese. Both sets of results were obtained from 
the same preparation, 8 mM manganese was present during the 
addition of sodium and l6 mM manganese during the addition 
of lithium. The experimental procedure was as described 
In connection with Figure 22. 1 mM calcium throughout ♦
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optimum concentration for tension production is much higher 
with lithium (Figure 23 bottom). This could be due to the 
fact that lithium does not show the same antagonistic action 
to contracture production as sodium. Indeed as was shov/n 
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 production 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, are also 
capable of initiating contracture tension in the same way as 
sodium (Figure 24). Hydrazine initiated the largest 
contractures, a feature possibly related to its potentiating 
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 knoxvn inhibitory effects is that sodium 
produces contractures by its action inside the cell. When 
exposed to sodium-free conditions the sodium concentration 
within the muscle cells should fall rapidly as sodium efflux 
in cardiac tissue is very rapid (Novotny and Blanchi,1973; 
Bosteels and Carmeliet,1972 ). It seems possible that under 
manganese inhibition of calcium influx the addition of sodium



TABLE 4

Optimum Sodium Concentration for Inducing 
Tension in Manganese Solutions

Initial Tonie
Phasic Tension
Tension

Mean Sodium Concentration (mM) 11.1 9.6
Standard Deviation (mM) 3#^ 1.1
Number of experiments ( Tl ) 4 4

Optimum Lithium Concentration for Inducing 
Tension in Manganese Solutions

Initial Tonic
Phasic Tension

Tension

Mean Lithium Concentrâtion(mM) 58.3 41.7
Standard Deviation (raM) 30.1 25.2
Number of experiments ( ft ) 3 3



Figure 24.

Comparison of the contractures produced by hydrazine, 
lithium, sodium and hydroxylamine following exposure to 
sodium-freersolutlon (Tris substitution) in the presence 
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 exchange 
process similar to that suggested for squid axon (Baker
et al,1969) and guinea pig heart muscle (Reuter and Seitz,I968)
Thus in the presence of manganese the addition of small
amounts of sodium could induce contracture 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,1 9 7 4). It would appear that the tension induced by 
sodium and the other univalent cations in the present 
experiments is indeed due to calcium 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 internal sodium concentrations.
The internal sodium concentration was increased in these 

experiments by perfusion with low-potassiura Ringer, 0.6 mM 
(Keenan and Niedergerke, 1 9 6 7). If the tension induced by 
sodium addition to manganese inhibited sodium-free contractures 
was due to sodium acting internally then when the internal 
sodium concentration is raised, the low-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 contractures. 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 experiments where the muscle was 
maintained in 5 mM calcium Ringer (Figure 25 triangles).
Thirty seconds before a sodium-free contracture was initiated 
the calcium concentration was reduced to 1 mM and maintained 
at this concentration throughout the subsequent contracture. 
This pretreatment would be sufficient 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 is about 5 seconds (Chapman and Tunstall, 
1 9 7 1). Thus it would appear that the concentration of calcium 
in an intracellular compartment was raised while 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 23*
Effects on the sodium-free contracture of a reduction in 

the potassium concentration 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 muscle 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 raM 
potassium solutions (squares).

Finally the muscle was equilibrated in a high calcium 
Ringer (5 mM) but with normal (3 mM) potassium concentration 
The responses to sodium-free solutions were measured over th 
same range of manganese concentrations (triangles). -However 
in this case the muscle was returned to 1 mM calcium 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 a si 
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 2 6a

Comparison of the 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 potassium Ringer and the maximum 
contracture tensions measured in various low-sodium solutions 
(open circles). %

After equilibration (60 to 90 minutes) in 0.6 mM 
potassium Ringer the contracture response to low sodium 
solutions (0 .6  raM potassium) were recorded (closed squares). 
The muscle was then returned to normal potassium Ringer befor 
a final set of measurements were made. 1 mM calcium 
throughout.

Top; Maximum contracture tensions in the various solutions.

Bottom: Some of the contracture recordings. Note the
potentiation of the twitch contractions as well as the low- 
sodium contractures in solutions with a reduced potassium 
concentration.
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due to an increase of the internal calciun concentration, 
(Thomas, i960, 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 is 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 in 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 
normal calcium concentration Ringer is sufficient to reduce 
the extracellular calcium concentration to control levels it 
is probably insufficient to allow equilibration 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 anticipated that the contracture 
responses would be potentiated if 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 internal calcium 
concentration via an increased internal sodium concentration. 
These changes may well be so closely interelated as. to be 
inseparable.

(10) Depolarisation-induced tension 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. Tt = 3 in equation 7)* 
However the response to low-sodium solutions varied with the 
square of the calcium concentration (Chapman,197%). This 
suggested that an extra site for calcium release or binding 
was available in potassium-rich solutions. The calcium 
involved in the low-sodium response was suggested to originate 
from superficial sites in the cell e.g. the cell membrane. 
Therefore rapid responses to external solution changes are 
observed. The extra calcium source observed in the presence 
of potassium-rich solutions was supposed to correspond to the 
slowest compartment described by Chapman and Niedergerke (1970A), 
and this might correspond to an internal calcium store 
(e.g. the sarcoplasmic reticulum) which releases calcium upon 
depolarisation 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). In 
Figure 27 the preparation was maintained in 4o mM manganese, a 
concentration sufficient to almost completely inhibit the low-



Figure 27.

Contracture response produced by depolarisation with 
100 mM potassium-rich solution in the presence of 40 mM 
manganese. IVhen the low-sodium contracture is almost 
completely inhibited depolarisation with potassium-rich 
solution is still able to evoke a substantial contracture



s sE E
in CO

o CO

oo o

o CO

y(/)
I f )



62.

sodium 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 Induced contractures are unlikely to be due 
solely to internal calcium release because it has been shown 
(R,A.Chapman unpublished) that these contractures are blocked 
in the absence of external calcium. I.t 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 et^l, 1970) or on the other hand 
calcium released 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, 196;5A ), or release calcium 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 it is unlikely that the 
relationship of tension production 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 
completely the sodium-free contracture in the presence of 1 niH 
calcium. Graph A (Figure 20) gives the mean results from 4 
similar experiments. The maximum contracture tension has 
been plotted as a percentage of that produced in 1 mM calcium.



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 inhibit almost completely the 
contracture response to sodium-free solutions in the presence 
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 (- 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 contracture 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 0.9^ 
0 .5 0 S.D, for the maximum contracture tension (left) and 
1.39” 0.55 S.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 maximum contracture 
tension versus log calcium concentration was 0,94- 0 .5 0 SoD. 
These results suggest that in potassium-rich solutions in 
which the low-sodium responses are blocked, the contracture 
tension varies linearly with the external calcium concentration. 
(The process of course shows saturation at high tension levels). 
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,1 9 7 1)• The present results suggest that in the 
presence of high manganese concentrations 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 biphasic 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 slightly 
steeper relationship with the external calcium concentration.
The mean shope of plots of log phasic contracture tension 
versus log calcium concentration was 1,59- 0,55 S.D.

(1 1 ) The caffeine contracture and manganese
Caffeine evokes contractures in skeletal muscle probably 

by releasing calcium from the sarcoplasmic reticulum (Weber 
and Hertz, 1 9 6 8). 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 potassium-rich and low-sodium
solutions the addition of caffeine induces a large
contracture. In sodium-free solutions the application of
caffeine can induce a contracture even when the external

-8calcium concentration is reduced to 10~ M and therefore 
probably results from calcium release from an intercellular 
store (Chapman and Miller,1975)*

Figure 29 (bottom) illustrates 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 it 
probably acts at a more superficial site e.g. the cell 
membrane.

(12) The effects of D-60Q on frog heart muscle
Verapamil and its methoxy-derivative, D-6 0 0 have been 

used as inhibitors of calcium 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 caffeine, also 
in sodium-free solution, produces a rapid increase in tensioi 
which subsequently relaxes spontaneously. When manganese 
was present it was added for a pretreatment of 30 seconds 
in sodium-free solution 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 contracture tension produced by 4 or 5 mM 
caffeine in the absence of manganese (scaled to be equal to 
1.0). 1 mM calcium throughout.

Top: Some of the contracture responses from one experiment.
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(e.g. Fleckenstein et al,1969) and in squid axon (Baker 
et al,1 9 7 5). In the present experiments with frog atrial 
trabeculae the effect of D -6 0 0 has been compared with the 
inhibition produced by manganese.

The drug D-6OO was required in very large doses (0.1 - 
0.4 mM) in order to produce significant effects. In such 
concentrations D-6 0 0 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
membrane calcium block. However the results in Figure 30 

show one of the largest inhibitory effects on the sodium-free 
contracture that has been observed in these experiments. 
Indeed in some experiments where the low-sodium response had 
become slow to reach its peak tension (e.g. at the end of a 
long experiment) the addition of D -6 0 0 actually potentiated 
the low-sodium contracture response. These results are 
clearly not compatible with the idea that the low-sodium 
contracture results from calcium influx across the cell 
membrane unless the mode of action of D-6 0 0 differs from that 
suggested by Fleckenstein et al, (1 9 6 9). Alternatively the 
calcium influx that produces the low-sodium contracture may 
occur at a different site to the calcium influx of the action 
potential. The former site would be insensitive, and the 
latter sensitive to D?600 inhibition. Evidence for this 
suggestion comes from the results of Ashley et al, (1974).



Figure 30.

Effect of D-6 0 0 on the sodium-free contracture.

Top: Control contracture in sodium-free solution (Tris
substitution). After 15 minutes the muscle was exposed 
to 0.4 mM D-6 0 0 (in ethanol solution) for 8 minutes. The 
contracture responses to sodium-free solution (also 
containing D-6 0 0) was then recorded (second from top).
The middle trace shows the contracture responses in the 
presence of the same concentration of ethanol but without 
D -6 0 0 (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 in barnacle muscle the calcium influx following the 
removal of external sodium appears to be insensitive to D-60O 
inhibition.

It is possible that D -6 0 0 might act at a site other than 
the surface membrane. Indeed the long time required (10 - 
20 minutes) for D-6 0 0 and verapamil to produce their 
inhibitory effects in heart muscle (Kohlardt et al,1972) 
could be evidence for this possibility. D-6 0 0 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-6 0 0 can inhibit calcium 
uptake by the sarcoplasmic reticulum (Entman et al, 1972) 
but at higher concentrations than those effective on the 
excitation process. A similar action in frog heart muscle 
could decrease the calcium available for release during the 
twitch 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-6 0 0 on frog heart.
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DISCUSSION (2)

(1 ) Manganese and the twitch contraction
A thorough investigation of the effects of manganese on 

the twitch contraction has not been possible because In 
manganese solutions: (a) the excitability 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 possibility that useful information might be obtained on 
the source of the calcium involved in the twitch contraction 
by using short exposures to low manganese concentrations and 
employing an analysis similar to that of Chapman and 
Niedergerke (1971A) with calcium. However the simple 
experiments reported here show that manganese produces a 
rapid inhibition of twitch tension which could well indicate 
that it produces its inhibition 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 increased influx, a decreased uptake by 
an internal store or a release of calcium from internal 
storage sites. The results of Sabatini-Smith (19 6 9) 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 radioactive calcium
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Uptake was reduced in manganese solutions. These findings 
appear to contradict the results of Conrad and Baxter (196^) 
who injected manganese into live rats then, after two hours, 
removed and fractionated the hearts. This treatment 
produced a doubling of the uptake of radioactive calcium by 
the cells mainly due to uptake in the microsorae fraction. 
However, this increased uptake in vivo was probably the result 
of a positive inotropic effect of manganese caused by 
catecholamine release from the thyroid (Conrad, Trendley and 
Baxter, I9 6 6).

R.A.Chapman and N.G.Rutherford (personal communication) 
have found that manganese is able to release calcium from 
rabbit skeletal muscle sarcoplasmic reticulum. Ah inter
ference by manganese and other divalent cations with calcium 
uptake by the sarcoplasmic reticulum would be predicted 
because manganese can partially substitute for magnesium and 
calcium in the activation of the ATP-ase from rabbit skeletal 
muscle sarcoplasmic reticulum (Maclennan,1970). Carvalho 
(1 9 6 8) 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 might be anti
cipated in the presence of cadmium. Therefore more 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 observed after 
prolonged exposure to manganese solutions is that the cation 
is able to substitute for calcium in activating the contractile
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myofibrils. This possibility is rendered unlikely as the 
removal of manganese was found to produce a slow increase 
in contracture tension (Figure 9) at a time when the internal 
manganese concentration was decreasing (Part 3)* However 
S. Ebashi (personal communication to R.A.Chapman) found that 
native actomyosin showed some superprecipitation 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 (Puchsi1971)• He found that 
radioactive calcium bound to troponin was partially ex
changeable with manganese, however the calcium binding at this 
site is not necessarily 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 "cadmium 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, 
19^7) 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 (1063) found that strontium, cadmium, 
cobalt and manganese were partially able to reactivate the 
ATP-ase activity of calcium-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 they would seem to be likely to be small and possibly are 
not shared by all of the other transition elements.
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The sustained gontractionsproduced by depolarisation 
with potassium-rich solutions were much less sensitive 
to manganese inhibition than the twitch response. This 
may well endorse the suggestion that some of the twitch 
inhibition produced by manganese was due to incomplete 
excitation i.e. the 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 (Figure 27) would be evidence for an internal 
store of releasable calcium in frog heart if it 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 contracture 
comes from the extracellular solution and the potassium 
depolarisation increases the gradient for the movement of the 
CaR complex across the cell membrane, (b) the calcium is 
released from a membrane store, this 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 influx 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-rich solutions 
was found in frog heart (Niedergerke, 1959), rabbit aorta 
(Shibata, 19^9) and frog skeletal muscle (Bianchi and Shanes, 
1959). However the calcium concentration required to permit 
potassium contracture development in skeletal muscle appears 
to be much lower than that for smooth or cardiac muscle, 
Shibata (1 9 6 9) 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 potassium-rich 
contracture because the addition of manganese at any stage of 
the contracture produced a rapid decrease in tension
{ti = 6 - 1 0  seconds with 8 mM manganese) to a new lower

2
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 is very similar to that produced 
by substitution of acetate for chloride in frog ventricle 
(Anderson and Foulks, 197^). Acetate 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 38 
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 results of Lindley et al (1975) 
on denervated frog skeletal muscle. They found that the 
potassium-rich contracture was approximately 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-depolarisation , 
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. Prank (19 6 2) 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 removal of 
external calcium for 30 minutes. In smooth muscle manganese 
was also found to be capable of restoring the potassium 
contracture in calcium-free solution (Shibata,1 9 6 9)• The 
removal of calcium produces depolarisation in many excitable 
tissues (Shanes,195 8) which could increase the inactivation 
of the potassium-rich contracture. The addition of manganese 
(or other divalent cations that cm 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 (Prank I9 6 2) 
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 1^^ being approximately 0.6 mM manganese). 
The sodium-free contracture could be completely abolished 
by manganese concentrations ( 8 - 2 0  mM) that permitted large 
contractures in solutions with an elevated potassium 
concentration. It 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 contracture. Only 
small contractures were obtained with magnesium substitution 
but magnesium would be expected to act as a calcium 
antagonist (del Castillo and Katz, 195^ A,B; Jenkinson, 1957) 
The other sodium substitutes (including potassium) produced 
approximately equal contracture tensions which were near 
to the maximum tension that the muscle could generate. 
Hydrazine substitution however resulted in up to 30^ larger 
contracture tensions. This was probably related to the 
general potentiation of contractile responses in hydrazine 
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 manganese solutions could be 
due to a decreased sodium conductance of the membrane. The 
increase in membrane potential in sodium-free solutions 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 larger 
increases in resting potential in sodium-free solutions 
Approximately 10 mV).
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(c) Is the low-sodium contracture dependent upon 
a calcium-sodium exchange?

The addition of manganese at any time during a sodium- 
free contracture produced a rapid decrease in tension (e.g. 
Figure l6 ). , If manganese acts by decreasing calcium influx 
then the sodium-free contracture must be sustained by a 
continuous calcium entry. It was suggested (Chapman, 1974) 
that the spontaneous relaxation of the sodium-free response 
is due to a decreased sodium efflux as the internal sodium 
concentration decreases in the absence of external sodium.
This decreased sodium efflux would slow the rate of calcium 
entry if a coupled sodium-caloium exchange mechanism exists.
In the experiment illustrated in Figure l6 the return to a 
high contracture tension level even after long periods in 
manganese could suggest that the calcium influx block caused 
by manganese simultaneously results in a decreased sodium 
efflux i.e. tight coupling in an exchange process. Thus 
removal of manganese 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 (1 9 6 9) 
where it was found that magnesium probably inhibits the 
calcium-dependent sodium efflux in squid giant axon. In the 
barnacle giant muscle fibre manganese inhibits calcium efflux 
(Russel and Blaustein,1974) into sodium seawater. Although 
this latter process is the reverse of that described previously 
it would not seem unreasonable that if manganese inhibits 
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 addition of manganese.

(d) Models of the calcium uptake system.

Two models have been assessed for their applicability 
to the 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 
sodium-free contracture could occur in calcium concentrations 
as low as 10~^M and relaxation was only produced if the 
calcium concentration was reduced to 10*^ 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. V/aud 
(1974) concluded that the responses predicted from both 
types of model should be similar and may be indistinguishable 
in some circumstances. He suggested that the high energy 
changes Involved in the production of a free anionic 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 been 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 i.e. an intercept with the 
tension 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 calcium influ:: carrier is saturated. This possibility 
seems unlikely as up to yyfo larger contracture tensions can 
be produced by e.g. the substitution of hydrazine for sodium.
A more likely explanation for the discrepancy is that the 
low internal sodium concentration limits the calcium influx 
particularly when the external sodium concentration is reduced 
to near zero (Chapman,1974). 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 
the same effect on the contracture response suggesting that 
the potentiation of the low-sodium contracture is 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 tensions were larger in the presence 
of small amounts of sodium rather than in its complete absence.
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The value of U 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 concentration. In some experiments the relation
ship of contracture tension to the manganese concentration 
was slightly steeper than would be anticipated assuming 
Tt = 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 conditions of calcium loading (as 
has been suggested to occur in 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 completely able 
to account for the antagonism by divalent cations e.g. D*Arrigo 
(1 9 7 3). In Part 1 the adsorption cf 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 the 
extent of the inhibition produced by some of the divalent 
cations Cd > Mn ~  Co —  Ni >  Mg indicates a binding rather 
than a shielding phenominum. Shielding effects involve 
no binding energy so approximately 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 for manganese inhibition (approximately 0.6 mPl)
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, 1 9 7 0), 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 acidification can increase the negative charge 
on cell 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 a 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 mT4 (Hagiwara and Nakajima, 
1 9 6 6). 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 
anticipated. An actual binding of divalent cations to 
negatively charged membrane sites could have similar effects 
on the potential distribution within the membrane (see e,g. 
Frankenhauser and Hodgkin,1957) • Here, binding energies 
would be important so an inhibition by the various divalent 
cations by this method cannot be excluded.

It is interesting that the low-sodium contracture becomes
biphasic in the presence of manganese. The biphasic
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 succeed each other
so closely. The initial phasic response normally appears
slightly less sensitive 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 appears to have a short time course relatively 
independent of the manganese concentration. This phasic 
contraction is unlikely to be due to a non-equilibration 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 -5 0 seconds pre- 
treatment. Manganese might produce its inhibition by com
bining with the carrier molecule-calcium complex CaK in the 
terminology used here) as calcium dissociates inside the 
cell. This could produce a delay in the inhibition and thus 
a biphasic contracture. An alternative possibility is that 
the phasic tension might be an indication that there is a very 
slow turnover of calcium bound to the carrier so that the 
phasic response is due to the release into 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
uration of internal calcium uptake systems and the continued 
influx of calcium. If the carrier molecule 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 RCa^ complex.

When the internal sodium concentration is reduced to such 
a low level that calcium inflm: is slowed and lower than the 
rate of calcium uptake by internal 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 

sodium 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 rabbit skeletal muscle sarcoplasmic 
reticulum. The half maximal effect for sodium-induced 
release being achieved with approximately I 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 induced 
contraction involves a sodium-dependent increase of calcium 
influx across the surface membrane. A sodium-calcium 
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 the influx of 
calcium. Clearly the sodium entry cannot occur coupled 
with calcium efflux and still lead to the production of 
tension. Thus no sodium-induced tension could be observed
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following the relaxation of a 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, 1975)- In the presence of manganese 
however the addition of sodium did produce tension (figure 2 5 )- 
Under these conditions 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 the muscle 
as neither cation appears to produce tension directly.
This type of antagonism has therefore not been included in 
the derivation of equation 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 to 
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-nanganese exchange (if present) might be 
expected to produce tension by a manganese efflux.
Conditions that were likely to produce an efflux of 
manganese i.e. manganese removal after some time in high 
manganese concentrations often produced contracture 
potentiation e.g. Figure 9 where a larger contracture 
developed on return to manganese-free Ringer or Figure 16 

where a rapid increase to a large contracture tension was 
produced on manganese 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 or 
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 if sodium is 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 2 8 ) 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- 
ylamine (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 
if 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 different explanation was advanced by Baker et 
al (1 9 6 9) to account for the activation by external sodium 
and lithium of the sodium-calcium exchange in the squid 
giant axon. They postulated an extra external site which 
can accept 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 also accept the hydrazine and hydroxyl amine c. 
cations. One drawback 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 No et al, 1957; Koketsu and Nishi 1959; Tasaki, Singer 
and Watanabe, 1 9 6 5). Hille (1971, 1975) reported that all
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these cations could pass through the sodium channel of 
the sciatic nerve of the frog with a relatively high 
permeability 50^ . Therefore hydrazine,
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 concentration.

In experiments where an attempt was made to increase 
the internal sodium concentration there was a clear 
potentiation of contracture responses (e.g. Figure 25 and 
2 6 ) consistent with the internal sodium being an important 
factor in regulating contractile activity (Langer,1975;
Chapman, 1974), Brindly (I9 6 8) produced contractures in 
barnacle muscle after injecting sodium to increase the 
internal sodium concentration while substituting lithium 
for external sodium. Increased internal sodium 
concentrations also increased calcium influx in squid giant 
axon (Baker et al, 1 9 6 9). Novotny and Blanchi (1975) 
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 
contracture potentiation in low potassium solutions was due 
to a direct effect of an increased internal sodium 
concentration or to the general increase in the internal 
calcium concentration following the increase in internal sodium.
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(7) Various effects of D-6qQ
The effects of D -6 0 0 are difficult to interpret.

The threshold for the twitch increased and the contraction 
was completely inhibited within a few minutes in 0.4 mM 
D-6 0 0. However the sodium free contracture was unaffected.

D -6 0 0 has been reported to inhibit twitch contractions 
in cat heart (Pleckenstein et al, 1 9 6 9) toad skeletal 
muscle (Chiarandini and Bently,1975), guinea-pig atrium 
(Thyrum, 1974) and to decrease the delayed calcium influx 
in squid giant axon Baker et al (1975). However it seems 
unlikely that D-60O only produces its effects by a simple 
calcium blocking action (Kohlhardt, 1 9 7 2). The slow onset 
of the inhibitory effects (Thyrum, 1972) and the inability 
to wash out its effects even after two hours (Singh and 
Vaughan-Williams, 1972) are incompatible with such a simple 
blocking effect.

Verapamil and D -6 0 0 have been found to decrease calcium 
uptake by the sarcoplasmic reticulum from dog heart (Sntman 
et al, 1 9 7 2) and rabbit skeletal muscle (Balzer,1972) but in 
much higher concentrations (I^q 10"^\) than those 
required to inhibit twitch contractions (I^q = 10”*^M).
In toad skeletal muscle verapamil at lo”^ 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"̂  ̂H. The inhibitory 
effects 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 verapamil is not a 
specific calcium blocker. The slow sodium channel of 
embryonic chick heart was blocked by verapamil but was 
unaffected by manganese. Thus at least in this tissue 
verapamil appeared to inhibit both sodium and calcium 
entry during the action potential. In crab leg muscle 
verapamil and D -6 0 0 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-60O can block a late calcium entry in 
cardiac muscle as it does in squid axon (Baker et al,1975), 
then this could account for the inhibition of cardiac twitch 
contractions which are influenced by calcium influx during 
the depolarisation of the action potential (Weidmann,1959)
The lack of an effect on the sodium-free contracture would 
suggest that D -600 is unable to block the sodium-calcium 
exchange site and that this calcium entry route differs from 
the entry route associated with the action potential.
Further evidence to support this suggestion comes from the 
finding by Ashley et al (1974) that D -6 00 and verapamil 
were unable to inhibit 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 potential (because 
lithium, hydrazine etc. do not inhibit the sodium-free
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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 associated 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 via 
a carrier molecule, then one with properties similar to 
that suggested by Reuter and Seitz (I96 8) in guinea-pig 
heart would be appropriate. They concluded that a carrier 
with four sites exists capable of binding two calcium, two 
sodium plus one calcium or four sodium ions. 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. Garrahan and Glynn (19 6 7) 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
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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.



91.

PART 5. TISSUS ANALYSIS TO DETERMINE MOVEMENTS OF 
MANGANESE IN VENTRICULAR MUSCLE.

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 containing 
Ringer for various times. The manganese content of the 
ventricle was then determined by atomic absorption 
spectroscopy of the digested ventricle after various periods 
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 (1 9 6 3) showed that frog ventricular, strips 
took up more -̂ Ca for a given tissue weight than did whole r 
ventricles and suggested strips contained more injured 
tissue which then absorbed more Ca. It seems reasonable 
to assume that injured tissue might absorb more manganese 
in a similar fashion. Whole ventricles were therefore 
used with care being 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 perfusion technique 
is necessary. Whole ventricles were cannulated (Figure pi). 
Fine nylon thread (100 u) was used to suture the top of 
the ventricles to a glass cannula with a bulbous end. Two 
holes were cut in the top of the ventricular walls for 
efflux of the perfusate. This ensured that the outer



Figure 31.

A cannulated ventricle for measurement of the manganese 
content of the tissue. Isolated ventricles were sutured 
to the cannula (c), the apex being tied to a force transducer 
(G). The perfusion solutions were changed by the tap(T). 
After flowing into the ventricle the perfusion solution 
leaves via two holes cut into the top. The ventricles 
were stimulated at a rate of 4 min~^ through two AgiAgCl 
wires positioned near to the cannulated end. The section 
of tissue 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 mis per-minute. This was sufficient to 
maintain the ventricle in a slightly distended state 
approximately equivalent to diastole, except during 
stimulation when the ventricle showed normal complete 
contraction. The perfusing solutions were maintained at 
22 - 24^C 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 AgiAgCl^ electrodes 
on opposite sides of the ventricle. Stimulation rate was 
4 minute"^ 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 TSl) 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 ]̂1 ) 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 mis of 2M - nitric 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 mis 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 periods 
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 of manganese has been 
attempted•

Measurements of these rates are limited to some extent 
by the rate of change of solution in the extracellular 
space i.e. by the adequacy of the perfusion procedure. An 
estimate of the rate of 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 the 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 calcium-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 tension 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"^,

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 Ringer. 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 record shows 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 ImM in the normal and in 
the manganese containing Ringer.



U)CM

00



95.

time as illustrated in Figure 3 3, 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 
(ti_) of 3 9.7 , S.E. 5 .4  sec n = 3 6) and superimposed on 
this was a faster component with mean ti = 6.7, S.E. 0.7 
sec(n = 3 6 ). The readdition of calcium produced a return 
of twitch tension with a single exponential time course 
(Figure 33, right).

The composite time course of changes of twitch tension 
produced by an altered extracellular calcium concentration 
has been previously described for frog ventricle (Chapman 
and Niedergerke,197OA), The decline of twitch tension 
with three exponential components was interpreted as an 
alteration of the calcium concentration that activates 
contraction in three compartments in the muscle (chapman, 
1 9 7 1). The fastest component to change v/as suggested to be 
that directly in equilibrium with the extracellular solution 
(Ca^ in the terminology of Chapman, 1971). It therefore 
seems likely that the fastest component measured in these 
whole ventricle experiments corresponds to Ca^ . The 
results therefore indicate that the mean half-time for 
solution exchange in these whole ventricles could be less 
than 7 seconds. This would seem to be a reasonable estimate 
as the perfusion rate was 4 mis minute and the ventricle 
weight rarely exceeded 100 mg. so that the ventricles were 
perfused with approximately 4o times their volume of Ringer 
per minute.



Figure 33

Twitch tension changes produced by the removal and 
readdition of calcium. The experimental procedure was 
that illustrated in Figure 32A.

The decline in twitch tension in calcium-free Ringer 
is shown on the left on semi-logarithmic coordinates.
The decline was normally exponential but with a faster 
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 twitch 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 solutions the 
ventricles were perfused with 1 mM calciim Ringer for at 
least 15 minutes prior to the addition of manganese.

Two series of experiments were performed to 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 ^  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 3 4, The 
ventricles were loaded with manganese for 60 minutes. The 
manganese content of the ventricles after various washout 
times in manganese-free Ringer has been measured. The 
efflux shows a slow approximately exponential time course 
(t^ = 6 7 .5 minutes) but with a faster component (replotted
Figure 34 top right) with a ti of 2,0 minutes. The perfusion?
and analysis technique is inadequate to separate rapidly 
changing manganese flux components 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 3 4, . I
I

Manganese content of cannulated ventricles after various j
1periods 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 before the ventricles were removed from 
the canula and assayed for their manganese content. Each 
point represents one ventricle. The line has been drawn 
according to the equation,

M  = b e -kt 
with b = 1 .93, k = 0 .0 1 0 3 min  ̂ and t=the time in

manganese-free Ringer. This is the regression line for the
points between 15 and I50 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 manganese 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 very rapid 
changing components e.g. the half-time for extracellular 
solution exchange has been estimated as approximately 7 secon 
(Figure 33). Thus more than one component of the efflux is 
liKely to be present during these early stages. The manganes 
content of five control ventricles i.e. without exposure to 
manganese was 0.084i 0.037 S.D. of mean. Calcium concentrât! 
was 1 mM in all perfusion solutions.
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released provides a basis 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 ^  to 120 minutes. An estimate of the 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,196^A). 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 manganese content 
of the tissue could be neglected. The 15 rfiinute washout 
procedure means that the rate of manganese uptake by the 
slow compartment (described in the manganese efflux 
experiments) was measured. The results are shovzn in 
Figure 35 (top). A lot of variability in the uptake is 
noticeable. One possible reason for this variation was 
thought to be the contracture development in manganese 
solution (e.g. Figure 32B). A ventricle that had been 
exposed to manganese Ringer for 120 minutes was observed 
to be in strong contracture even after 15 minutes perfusion 
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 efflux



Figure 35.

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 manganese-free Ringer to remove extracellular 
manganese. This washout time means that the uptake of 
manganese into the slow compartment illustrated in Figure 
34 was being analysed. The points are the mean- one S .D . 

of the mean of 5 ventricles at each sampling time. The 
line through the points (top) has been drawn according to 
the equation

[}in] = a t + b(l - e”^^)
with a = 0 .21, b = 0 .T5 , k = 0 .1 5 min”  ̂and t = the time 
(minutes) of exposure to manganese solution. The results 
would therefore be accord with an uptake process having a 
saturable and a non-saturable component. However the strong 
contracture after very long periods in manganese 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

Mnj = b (1 - e )
with b = 1 .6 5 and k = O .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 tip to 6o minutes have 
been replotted (Figure 35 bottom) and are shown to reasonably 
fit the simple equation,

Mn content = b(l - e

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 twitch tension on addition of 
manganese, the slow recovery of the twitch response after 
long periods in manganese solutions and the potentiated 
responses on return to manganese-free Ringer,
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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 contractile response 
recovers relatively quickly. This slow efflux provides an 
explanation for the long term potentiation of contractures 
produced in low sodium solutions and the slowly developing 
contractures observed in normal Ringer containing manganese 
(Figure 32). Intracellular manganese could produce these 
effects if it increased the sarcoplasmic calcium concentration, 
This might occur by several mechanisms

(a) Inhibition of calcium 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.

(c) 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(Qurd and 
Wilcox,1 9 5 6).
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(d) The numerous mitochondria which store calcium might be 
expected to release some calcium in exchange for manganese. 
Mitochondria appear to store calcium as hydroxyapetite,
[ca^ (PÔ )̂ gj ^ . Ca [oî  2 (Lehninger and Rossi,Ï9 6 3).

They have been shoivn to be capable of accumulating large 
quantities of manganese probably as manganese phosphate 
(Chappel et al^l^Sp). Lehninger and Rossi (I9 6 3) suggest 
that it is likely that calcium can be replaced by manganese 
to some extent in mitochondria but Chappel, J.B. (personal 
communication) suggests that it is doubtful whether manganese 
can directly displace intraaitochondrial 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 -̂ Ca release from 
the sarcoplasmic ^aticulum 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 (Puchs,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 10~^M 
(Ebashi et al., 1 9 6 9). 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 washout period 
in manganese-free Ringer was used prior to the analysis of 
the manganese content of the ventricles. A very rapid 
uptake might therefore be hidden if the efflux was 
correspondingly fast. The value of the rate constant, K 
(see subscripts of Figures 3^ 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 calcium 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 
manganese 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 cardiac muscle has suggested that calcium 
influx during the depolarisation of the action potential is 
an important regulator of contractility. In general, 
exposure of cardiac muscle to manganese produces a negative 
inotropic effect. If this decrease in contractility is due 
to a decreased calcium influx during the action potential 
then manganese would appear to inhibit this influx. There 
is some evidence e.g. Ochi (1971) that manganese can 
substitute for calcium in 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 

Mg during the action potential has been observed in squid 
axon (Baker and Crawford 1971). 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 mM manganese but higher concentrations produced little; 
or no further decrease. The small reduction in overshoot 
with high manganese concentrations (e.g. approximately 
6.5 mV with l6 rruM manganese) was much less than would be 
expected from the work of Niedergerke and Orkand (I9 6 6) who



103.

found that the overshoot decreased by I8 .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 bÿ* manganese.
This manganese entry might be the major cause of the large 
manganese accumulations described in Part 3« Such 
accumulations would reduce the manganese equilibrium potential 
and tend to decrease the overshoot if a manganese inward 
current was operative at this time in much the same way as 
occurs in high calcium solutions (Niedergerke and Orkand, 
I966B). However such a reduction would be prevented if 
the sarcoplasmic manganese concentration was decreased by 
internal binding or compartmentalisation.

(2) Surface membrane effects of manganese.
Experiments described in Part 1 have indicated that the 

large threshold increases In manganese and the decrease in 
the rate of rise of the action potential (Hagiwara and 
Nakajima I9 6 6) 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,1 9 7 3) 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 
stimulation 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 negatively charged membrane sites 
probably occurs. These effects would alter the electric 
field within the membrane thereby reducing the sodium(and 
possibly calcium) conductance.  ̂ ■i,

Graded action potentials were produced in manganese 
solutions with stimuli near to the threshold. This is 
evidence for the theor^r that the plateau component of the 
action potential is sustained by neighbouring cell inter
action e,g, the syncytial nature and slow conduction velocity 
of the tissue could permit re-enterant excitation and thus 
prolongation of the plateau. This would mean that the 
long action potential of frog heart (much longer than that 
of mammalian cardiac tissue) is 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 inaccurate 
die to four major complicating factors:
(a) Bibhasic 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,
(c) Stimulation threshold increases,
(d) Contracture development with longer exposures to 
manganese.

Therefore analysis was confined to the contractures produced . 
by depolarisation with high potassium solutions and those 
produced (without large changes in membrane potential) by low 
sodium solutions. Manganese produced large inhibitions of 
the contracture responses elicited by a reduction of the 
external sodium concentration (I^q approximately 0.6 mM).
For these contractures the tension produced was proportional

Teato ratio L J ̂ , The similarity of the inhibitory
/ u JO

effects of sodium and manganese on contracture tension led 
to the derivation of equation 8 i.e.

max od
w  Ca

Ca + Na ^ 4- Mn
Kg

n

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 
being in the order Ca >  Mn > Na. The other, divalent
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cations used in this work show inhibitory effects similar 
to that of manganese on the low sodium contracture, the 
degree of inhibition being Cd > Co :C= Mn =Cz Ni > Mg.

Manganese caused much less inhibition of the contractures 
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 is very similar 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 work has suggested 
that the potassium depolarisation contracture is largely 
dependent upon the release of internal calcium. 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 less when the external calcium 
concentration is reduced (Figure 10). This might indicate 
that calcium entry is required in order to trigger internal 
calcium release. From experiments like the one illustrated 
in Figure 10 it appears that a proportion of the contracture 
is sensitive to manganese inhibition (large initial decline 
in contracture tension with increasing concentrations of 
manganese) while another part is relatively insensitive (the 
small decrease in tension between 4 and l6 mM manganese 
could be due to the hyperpolarising effect of manganese
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combating the extent of the depolarisation). The 
manganese dose-dapendence of the initial decline is similar 
to that of the inhibition of the low sodium contracture,

(4) Tension, induced by univalent cations.
It has been sho;vn 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 actions, 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 environments (but of course it is the localised 
sodium and calcium activities adjacent to the membrane sites 
which are important. These are difficult to estimate and may 
differ greatly from the values calculated on the basis of 
tissue analysis).

An alternative interpretation of these results is that 
sodium, lithium, hydrazine and hydroxylamine can act at an 
external activator site to increase the rate of the sodium- 
calcium exchange system.

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

that manganese could induce an activation of contractile
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activity contrary to Its normal inhibitory 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 possibility that manganese was taken up by the 
cells during exposure to manganese containing solutions 
and produced its activating effects internally. In 
experiments designed to test this suggestion, it was found 
that there was a rapid 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 possibility 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 quantities of 
manganese and are very numerous in frog heart, might 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 rate of efflux of 
manganese from the sarcoplasm. If manganese carries current 
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 manganese is 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 little effect on the caffeine contracture (Figure 29)
i.e. on the calcium released by the addition of caffeine, 
this calcium being presumed to originate from the sarcoplasmic 
reticulum. This indicates that, at least in the short term, 
any manganese uptake by the sarcoplasmic reticulum is not 
accompanied by a substantial loss 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 
calcium in many cases (Gurd and Wilcox 1956) so the entry 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 calcium on the troponin molecule has 
not been satisfactorily resolved. More 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 conceivably be due simply to 
a very active 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 investigate the 
calcium entry system. Various other ions and compounds 
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-6 0 0 and verapamil appear to have been used 
successfully previously to inhibit calcium entry e.g. in 
cardiac muscle (Fleckenstein et al. 1 9 6 9) and squid axon 
(Baker et al. 1973). In the present experiments D -6 0 0  

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-60O inhibits the slow inward current of 
voltage clamp experiments (which has been 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. Therefore does D -6 0 0 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-6 0 0 does not block this type of 
calcium movement. It would be of interest to know if 
D -6 00 blocks the better characterised sodium-calcium exchange 
observed in the squid giant axon.

Of the other divalent cations employed magnesium appears 
similar to manganese but only at approximately ten-fold 
higher concentrations. Cobalt and nickel produced similar 
effects to manganese 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 satisfactory 
especially as internal effects of manganese have been alluded 
to. However these effects are relatively small in magnitude. 
Measurements of the uptake of magnesium, nickel, cobalt and 
cadmium have not been attempted but might show that they are 
more suitable in this respect. The usefulness of manganese 
in the estimation and elimination of calcium fluxes in frog 
heart might only be possible because of a verj' efficient 
internal binding thereby reducing the free sarcoplasmic 
manganese concentration to near control levels.
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SUMMARY

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

3. Manganese produced only small decreases in the overshoot 
and duration of the action potential with relatively 
high stimulus intensities. The results suggest that 
manganese inward current may replace that normally 
produced by calcium movements.

4. The cells were hyperpolarised by approximately 10 raV 
for a ten-fold increase in the manganese (or calcium 
concentration). This hyperpolarisation could not 
completely account for the large increases in the 
threshold stimulus for contraction produced in manganese 
and high calcium solutions. These effects produced by 
manganese (and similar changes produced by the other 
divalent cations employed) are consistent with a charge 
shielding or absorption effect of these ions on the cell 
membrane.

5. Many 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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6 . The twitch contraction, was rapidly and reversibly 
inhibited by manganese but the complicated changes 
produced on the excitation process make quantitative 
assessment of this inhibition difficult.

7. The contracture responses produced by low-sodium 
solutions were greatly inhibited by manganese (I^q 
approximately 0.6 mM) and are largely accounted for by 
assuming a competitive inhibition of calcium binding
by manganese. This type of inhibition appeared similar 
to that produced by sodium.

8 . The drugs D-600 and verapamil produced little or no 
inhibition of the low-sodium contracture.

9. Sodium, lithium, hydrazine and hydroxylamine were able 
to induce contraction in the presence of manganese 
following exposure to sodium-free conditions.

10. 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 to the suggestion that 
intracellular sodium is important in the regulation of 
calcium influx.

11. Manganese produced less inhibition of the potassium-rich 
contracture than of that produced by low-sodium solutions. 
This suggests that either another site is available for 
calcium release 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.

12. The hyperpolarisation in manganese solutions is 
insufficient to account for the inhibition of the 
contractures produced by low-sodium or p5tassium-rich 
solutions.

1 3 . 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,

14. 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.

1 5 . Although manganese appears 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 hyperpolarised by approximately 10 mV

 for a ten-fold increase in the manganese (or calcium

concentration)^ ' This .hyperpolarisation could not 

completely account for the large increases in the 

threshold stimulus for contraction produced in 

manganese and high calcium solutions.

4. The twitch contraction was rapidly and reversibly 

inhibited by manganese.

5. The contracture responses produced by low-sodium 

solutions were greatly inhibited by manganese (I^q 

approximately 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 little or 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 concentration by 

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 

contracture than of that produced 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 

—  solutions^. —   -------------  —  ■ “—  “

11. Contractures produced by the addition of caffeine were 

not 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.


