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ABSTRACT

Mechanisms governing contractility of cat splenic capsulaxr
muscle were investigated. Isometric contraction in thiéltissue in
response to agonisis such as catecholamines and histamine consisted of
a fast and a slow phase whille the response to potassiumvconsisted-of a
ginzle phase. 'The slow phase of the response to noracrenaline and the
single phase reSponse to potassium were more Sensitive‘to reduction of
external calcium than the fast phase of the response to noradrenaline.

It was postulated that the fast phase of the response to
noradrenaline depended upon a tightly bound store of calcium‘whereas the
slow phase was dne to a loosely bound pool of calcium. Differential
blockade of the slow phase by the calcium chelator, EGTA, or by manganese,
diazoxide or clonidine, and of the fast phase by zinc, procaine; metabolic
inhibition, papaVerlne, aminophylline or sodium nitrite, suggested that
noradrenaline could mobilise calcium from each pool independently.

These results were given additional support by the observation'that nor-
adrenaline released 45Ca from labelled tissue stores. . This release was
inhibited by zinc or procaine but not by manganese. Surprisingly, nor-
adrenaline did not increase ll’5Ca influx in the spleen strips, although
external calcium.concentration did regulate the slow phase. . Compartment
analysis of the 'desaturation' curve revealed two l"5Gabwa.shout components.
The faster‘component was lost by the strips at a rate faster than the
loss of an extracellular marker, sucrose,.suggesting‘sone binding of
calcium with tissue constituents. The slower component of 450& desatur-

Lo

ation was released faster in the presence of "“Ca in the external medium,




suggesting that it is self exchangeable. The amount of *5Ca released by
"o :

Ca is large in comparison to the amount released by horadrenaline and
also differs in no£ being sensitive to the blocking action of pfocaine or
zinc. | _

Additional experiments to elucidate the arrangement'of cdlcium
pools showed that the two functional pools of calcium were arranged in a
'series-parallel' fashion, i.e. each pool could provide calcium to the
contractile aﬁpafatus independently but the tightly bouhd pool derived
its. content from the loosely bound pool. This was shoﬁh*by the abiiity
of manganese to prevent refilling of the tightly bound pool as well as
the ability of éxtracellular strontium to release bound calcium when the
muscle was depolarised with potassium.

Depolarisation of the muscle cell membrane with potassium
resulted in a preferential inhibition of the slow phase. Similarly when
the sodium puﬁp ﬁas stimulated in a manner which has beeh‘found in other
tissues to cause hjperpolarisation, the slow phase waSjpreferentially'
decreased. Thé‘éctivitybof an électrogenic sodium pump ‘was demonétrated
in the spleen by blockade of the inhibitory effects of this hechanism'by
ouabain, substitution of sodium chloride by lithium andvchanges in ambient
temperature, .

In addition to being regulated by the concéntration of extra;
cellular calcium, the slow phase also appeared to be modulated by factors
which determine the steady state concentration of noradiéﬁaline in the
biophase., Inhiﬁition of neuronal uptake of noradrenaliné byvthe poten-
tiating agents COcaine or 6-hydroxydopamine on the one hand and the |

alpha-adrenoceptor blocking agent phenoxybenzamine oh'the'other hand




increased the proportion of slow phase in any given response to noradren-
. {

aline. The ratio of slow to fast phases in responses due to noradrenaline
after inhibition of uptake resembled the ratio in the_éase of a poorly
transported catécholamine, isoprenaline, in normal tissue. Another agent,
reserpine, which produces potentiation of noradrenalinéfinduced responses
without blocking neuronal uptake,did not have signifiﬁant effect on the
ratio of the tﬁo phases, |

The'spleen strip normally behaves as a multiuﬁit preparation,
showing no rhythmici£y in response to noradrenaline. Single unit behav-
iour, charactérised by rhythmic contractions and also contractions in
response to rapid stretching of the preparation, was induced by treatment
with cocaine, reserpine or 6-hydroxydopamine which cause supersensitivity
to catecholamineé'and, in the case of cocaine and reserpine, to other

agonists also.
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Contraction of any muscle, be it skeletal, cardiac or smooth,
represents the end result of a chain of events which begins as a result
of 'excltation' of the limiting membranes of the muscle cell either on.

account of physiological (humoral) stimuli or due to electrical or chemical
'-stimuli under experimental conditions. The ultimate biophysical mechahism :
and manifestatioﬁ of 'excitation' are as yet.unknown; However, ex¢itation
of thg cell membrane most commonly results in a decrease in resting membrane
potential, This is due to changes in the relative permeability to thé‘ |
1ons'distributed on either'side of the membrane. The ieSulting ionic
shifts in turn make availaﬁle a stimulus (calcium) for the activation of
the contractile proteins (actin and myosin) in the muscle. This results
in their sliding against each other (Hanson and Huxley, 1955; A.F. Huxley,
1957). Since actin and myosin are arranged longitudinally, in an orderly
fashlon, the above process results in shortening of the muscle or'increase '
in tension. Any discuésion on muscle functlion should take'in£0~account

the following steps, as proposed by Bohr (1964):

(a) Membrane phenomena
(b) Coupling process (excitation-contraction coupling)

(¢) Protein contraction

Work 1s performed during muscle contraction. The ultimate fuel
~for this is adenosine triphosphate‘(ATP). Hence this discussion should

also includes

.(d) Energy metabolism
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The above four processes are intimately coﬁnected and are
“Invariably present in all types of muscles even though quantitative
differences may exist. |

_ In view of the more organised'stiucturé and a relatively lesser
dégree of heterogeneity in cardiac and skeletal muscle compared to smooth
muscle more 1s known about their function. A great deal of structural
as well as functional heterogenelty exists not only between smooth
muscles obtained from different specles but also between smooth muscles
obtained from different régions of the same organism. For example, one
can detect differences in behaviour between gastrointestinal smooth
muscle and those obtained from the genitourinary system or thé vascular
‘system. Even among vascular smooth musclés, anatomical and functional
differences exlist between muscles of larger condult vessels and those of
| smaller arterloles or large veins (Somylo and Somylo, 1968b). The follow-
-ing review of the above mentioned four important facéts of muscle function
will pertain mainly to smooth muscle although it may be necessary to
consider what happens in skeletal or cardiac muscle for the sake of com-
parison or for bridging gaps that exist in the knowledge of smooth muscle

contraction.

"PROTEIN CONTRACTION"
Since the ultimate cause of muscle contraction is shortening
of the contractile proteins, an analysis of this will élear the way for
further discussion of other equally of more complex events occurring be-.

fore thls step.
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1) Experimental models

One of the landmarks in muscle physiology was the demonstration
by Szent Gyorgyl (1951) that treatment of fresh bundles of skeletal muscle
fibres with aqueous glycerol destroyed the muscle membrahe and extracted
- cell components of metabolic importance. The filaments of actin and

myosin were, however, preserved in their natural state. Glycerinated

muscle fibres whén placed in buffered KC1 solution are relatively inexten-

sible, as if the muscle is in rigor. Addition of ATP restores extensibil-
ity of the muscle; This has been referred to as the 'plasticising action'
_of ATP. - This action occurs only if manganese is present. Addition of
minute quantities of calcium to the plasticised muscle results in coritrac-
tion. The stimulant actlon of calcium can be elicited only in the
presence of an active ATPase system in the contractile protein and is
blocked by mersalyl or by the removal of Mg (Portzehl, 1952). Contraction
1s accompanied by hydrolysis of ATP. The contracted muscleAdan still be
stretched back to its original length. Eventually when éll the ATP has
been hydrblysed the shortened muscle again becomes poorly extensible
(Szeht Gyorgyi, 19513 Filo et al., 1965; Bendall, 1969). Similar re-
éults have alsé been obtained in the smooth muscle (Briggs, 1963; Filo
ét ale, 1965). The conclusion that can be drawn from these results is
that ATP has a dual effect on myofilaments and that contraction can be
initiated by calclum due to its stimulating effect on ATPase. As we shall
see later this action of calcium is indirect.

Results similar to those in glycerinated muscle have been

obtained in another very useful model of muscle contraction - the isolated

myofibrils, These fibrils 10 - 100m long, contain actin and myosin flla




-4 .

-bments, normally arranged. They are obtained by homogenising muscle in
.weak buffers at pH 7 and an ionic strength of 0.1 - 0,15, The fibrils
are then separated from connectlve tissue and intact fibres either by
differential centrifugation or filtration. through butter muslin. Con-
traction of myofibrils occurs in thé presence of ATP,Mg and Ca and is
measured by a decrease in the pécked vélume of myofibrils aftef centri-
fugation at 3000 x g. (Bendall, 19613 Perry and Grey, 1956).

- 11) Chemistry and ultrastructure of contractile proteins

'Further insight into the chemical basis of the interaction
between actin and myosin was obtained when it was possible to extract
contractile proteins from muscle and study their chemical nature (Ivanov
et al., 19593 laszt and Hamoir, 1961). They found that the major con-

tractile proteins of smooth muscle can be extracted with solutions of

low ionic strength. Thlis contrasts with skeletal muscle where a solution -

of high ionic strength is needed.

| The protein, extracted from vascular and other smooth muscles
by neutral‘solutions of low lonic strengths in the presence of minute
émounts of ATP, contains an actomyosin which resembles that obtained from
skeletal muscle., It has similar viscosity, exhibits superprecipitation
reaction and possesses ATPase activity. A curious feature of the vascu-
lar smooth muscle is its abllity to generate a greater tension/unit amount
of actomyosin than does skeletal muscle. Another interesting feature of
-the vascular smooth muscle contractile protein is that it is more readily
extracted at pH 7 than at pH 6 (Schirmer, 1965). Needham and Shoenberg

(1964) in their electromicrographic studies on uterine smooth muscle

. found 1t difficult to identify thick filaments which correspond'to myosin
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even though the latter has been shown by biochemical technique to exist

in this smooth muscle (Needham, 1962). Actin in the form of thin fila-
ments could be readily ldentified by these workers. Somylo and Somylo
(1968) have suggested that the inability to see myosin'in electron-
-micrographs maybe because of greater extraction of this protein at the '
pH employed for preparing the tissue for histological examinatioﬁ. A
second possibility is that thé myosin filament in smooth muscle may
conslst of fewer myosin molecules, therefore being thinner and indis-
tinguishable from actin filaments., A third possibility (Nemetschek -
Gansler, 1967) is that contractile proteins in relaxed muscle occur with-
out orientation of filamentous form and that under the influence of cal-
cium, polymerisation takes place. This results in contraction of the
colloidal mass through a three dimensional interaction (cf. parallel
sliding movement in skeletal muscle). A more recent work shows that-
myosin-like thick filaments can indeed be demonstrated in smooth muscle
of guinea-pig taenia coli (Rice et al., 1970). These workers found
ordered arrays of thin filaments (6.5 x 10~9 meter diameter) along with
other apparently random arrangements of thin and thick filaments

(10‘8 - 10~7 meter diameter) in contracted muscles. The thin filaments
were arranged hexagonally or circularly., Few exampies of rosettes with
regular arrangements of thin filaments surrounding thick filaments were
seen. The thick filaments varied in thickness and were fewer in relaxed
muscle. This prompted the workers to propose that thick muscle filaments
' aggregate prior to contraction and disaggregate during relaxation. Lowy

and Small (1970) found thick filaments even in relaxed taenia. However,

Rice et al. (1970) have called their method of fixation *unphysiological®
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as it was done at 0° G. Further work is required before a élear final
plcture of the arrangement of contractile proteins in the smooth muscle

can be obtalned,

The glycerol extracted muscle was mentioned above as a popular
model for studies of fhe behaviour of the actomyosin system. Another
.model is actomyosin extracted from mﬁscle. When Mg and ATP are added to
the system in the total absence of Ca, the actomyosin is dissociated to
its individual components (Weber, 1956). Associated with this is a re-
duction in the viscoéity and double refraction of flow. .This is analogous
to the 'plasticising action' of ATP in the glycerinated muscle.v However,
if calcilum i1s added even in small amounts to the actomyosin in ATP SyS=
tem, a rapid reaction occurs in which the actomyosin instead of.being
'dissociated, actually shrinks ('superprecipitation® if actomyosin was
originally>a sol and 'syneresis' if actomyosin was a gél), aCCOmpanied
by vigorous splitting of ATP (Szent Gygrgi, 1947).

On blochemical examination native actomyosin exhibits a Mg.

sensitive ATPase activity. Actomyosin can be dissociated into myosin and

F-actin combined with tropomyosin B, Myosin exhibits a Ca-activated
ATPase activity which, unlike actomyosin ATPase, is inhibited by Mé.
Hydrélysis of smooth muscle myosin‘by trypsin reéults in formation of
two fragments 1 L (1light) meromyosin and H (heavy) meromyosin (Cohen et
al., 1961). ATPase activity is believe’ci to reside in the heavy fragment.
For a long time 1t was believed that calcium participated in
bringing about actomyosin ATPase activation and muscle contraction,
through its action on actomyosin. This was implicit in the theory pro-

posed by Davies (1963). A snag was seen in the above scheme when
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‘artificlally prepared actomyosin' was studied. Actomyosin prepared from
purified actin and myosin superprecipitated with ATP and Mg even in fhe
total absence of Ca (Ebashi, 1963; Mueller, 1966).. In contrast, native
- actomyosln, under similar conditlons, became less viscous. However, the
prepared actomyosin regained its sensitivity to calcium when another ~
protein, tropomyosih, obtained from the muscle was added to the experi-
mental system. | |

It was reasonable to conclude that tropomyosin exerted an ‘

inhibitory effect on the actin and myosin filaments and addition of
calcium to the complete system resulted in a.removal of this inhibition.
Subsequently studies by Ebashi's group have revealed that tropomyosin
consists of troponin and tropomyosin B and is intimately associated with
actin filaménts. Troponin which appears to be the caleium receptor, can
combine with Ca in a ratio of lO0,000g/#M. ' The present belief about the
mechanism of action of the tr0pdmyosin -~ actin - myosin system is that |
tropomyosin.is present within the helices of natural actin and it repels

the Mg ATP=2 or ATP'“ which is attached to the myosin partner and thus

prevents the inter action leading to splitting and onset of contraction.,
When Ca is added, it would then bind to negatively charged groups on the
troponin part of the tropomyosin complex, neutralise the charge and thus

allow interaction to occur between the actin monomers and_the substrate-

myosin complex (Ebashi et al., 1967). Thus calcium acts not as an acti-
vator, per se, but as an inhibitor of inhibition. The discovery of

| tropomyosin in the smooth muscle of chicken gizzard (Ebashi et al., 1966)
points td the general applicability of thé above scheme to different‘

varieties of muscle. It may be mentioned here that in order to show the
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inhibitory effect on actin and myosin bridging, the S-H groups of tropo-
myosin have tb be protected from oxidation (Muéller, 1966). This may
explain the curious observation that myofibrils stored in the presencé
of oxygen lost their need for calcium. However, when the myofibrils were 5;:
~stored in niirogen atmosphere, the calcium sénsitivity was preservéd |
(Bendall, 1969). Similarly, Briggs (1963) noticed that after prolonged .
storage, glycerinated uterine muscle falled to respond to calcium. These
experiments point out the labile nature of tropomyosin. |

Several other proteins have alsé been obtained from smooth
muscle. Alpha actinin stimulates network formation of F-actin and Super;
precipitation of actomyosin solutions (Ebashi et al., 1966). Beta actinin
which inhibits network formation has been obtained from skeletal muscle
but not from smooth muscle., Tropomyosin A has been'extracted from some
molluscan muscles and has been implicated in the prolonged maintainance
of tone (catch mechanism) in these muscles. Several attempts to show |
this substance in mammalian smooth muscle have been unsuccessful (Needham

and Shoenberg, 1967; Carsten, 1968),

It can be realised from the preceding discussion that two sub~

stances are very important for contraction and both have to be provided
from outside the domain of the contractile proteins. These are - calcium
and ATP. The detalled mechanism of how calcium is made available to the

contractile apparatus during activity and how it is taken back to termin-

ate activity will be discussed under the heading of ‘'excitation-~contraction
coupling', ‘Before dealing with that it may be necessary to consider the.
mechanism of ATP supply for contraction and also storage of energy in

other chemical forms. It will also be necessary to consider the source
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or fusl which can contribute to the energy that is stored and is ulti-

mately utilised during contraction.

“"ENERGY METABOLISM"

1) Role éf high energy phosphate compounds
o Like the skeletal nuscle, smooth mﬁécle also uses ATP as the '

immedlate source of energy. The ATP content of vascular smooth muscle
'(Beviz et al., 1965) is very similar to that in a skeletal muscle, .viz.
the frog sartorius (Marechal and Mommaerts, 1963). Hydrolysis of ATP
during muscular contraction can be more readily demonstrated in smooth
muscle than in skeletal muscle. This is mainly because in skeletal muscle
ﬁhe abundant supply of creatine phosphate can replenish the ATP pools
very easlly, through the Lohman reaction. Smooth muscle on the other
hand, contains about 50 times less creatine phosphate (Beviz et al., 1965).
In smooth muscle, unlike skeletal muscle, much of the ATP reQuired is
directly synthesised through glycolysis and oxidative phosphorylation
during contnactioﬁ (Daemers-lambert, 1964). Oxidative phosphorylation
in the smooth muscle mitochondria is almost as efficient as in those ob-
tained from skeletal muscle (Stephens and Wrogeman, 1970). The ielatively
- large contribution of gnaerobic glycolysis‘in ATP production in the intact
smooth muscle is most likely.due to the paucity of mitochondria..

The thermodynamic efficiency of smooth muscle contraction is
difficult to assess. This is largely due to the fact that many of the
~ smooth muscle stimulants, e.g. catecholamines, besides causing expenditure
of ATP directly due to muscle contraction also possess metabolic effects.
Arterial resynthesis of ATP (Beviz and Mohme-Lundholm, 1965) and the pro-

duction of fructose-l,6-diphosphate (Beviz and Mohme-Lundholm, 1964)
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| which consumes ATP are both stimulated by adrenaline. Like catechol-
amines, potassium also increases hydrolysis of ATP, (Daemerstambert
(1964), This can be shown only after blocking glycolysis, and therebj
pfeventing‘resynthesis of ATP. Potassium can also stimulate ATP hydro- = =%
.1ysis in subcontractile concentrations. This is‘reminiscent of the :

Solandt effect seeﬁ in skeletal muscle (Van der Kloot; 1967). It should.

be kept in mind that measurement of net changes in ATP levels and relating

them to contractility without taking into account metabolic effects of
- agoniéts can be misleading.

In smooth muscle, carbohydrates are the major source of the

energy which is eventually transformed into the universal‘métabolic
.’curiency,'ATP. This is evident from the respirétory quotient of nearly

one (Kosan and Burton, 1966). Preformed glycogen éppears to be prefer-
entlally utilised during contraction because addition of glucose to media

containing whole vascular segments does not increase respiration (Chatto-
padhyay, 1962). The importance of maintained synthesis of ATP, especially

during activity of the muscle, is great since the total ATP content of
| the smooth muscle may be less than what can suffice for the energy expend-
1ture qf even a single large contraction (Lundholm and Mohme-Lundholm,’
1962), |

ii) Substrate requirement for contraction

Studies on the rabbit thoracic aortic strips by Coe et al. (1968) S

show that these muscles can perform adequately in the absence of glucose.
in the medium for a reasonably long time provided they are stimulated with
'physiological’ (l-lolug/l) concentrations of adrenaline. Contractility

was diminished only after a prolonged contraction or repeated short
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duration contractions due to large (1-10 mg/l) dose of adrenaline.
Responses improved after glucose was restored. The spontaneous tone
developed by bovine mesenteric artery as well as its contractile response
to drugs can be malntained under aerobic conditions by endogenous glyco-
gén for at least 8 hours but for only 1 hour under anaerobic conditioné
(Lundholm ;md Mohme~Lundholm, 1960, 1962)., Contractility and lactic
acid production due to adrenaline ‘are reduced in the absence of substraté
at a rate greater than that due to hist&mine or potassium (Lundholm and
Mohme-Lundholn, 1962 and 1963). Adrenaline probably stimilates metabolic
processes that compete with the contractile system for the limited ATP
supply (Somlyo and Somlyo, 1968b). lactic acid production increases
._during contraction produced by most agonists. However, this is not en-
tirely indicative of the energy requirement of the contractile process,
The contractile effect of drugs can be dissociated from lactic acid =
production (Lundholm and Mohme-Lundholm, 1963). For example, alpha-
édrenoceptbr'blocking agents reduce the contractile response to adrenaline
more than the lactlic acid stimulating effect. Similarly histamine and
adrenaline stimulate lactic acid production in the absence of contraction
when bovine mesenteric artery is challenged in the absence of extracellu-
lar lons, Besides utilising the Embden-Meyerhof pathway and Krebs cycle,
muscles can also metabolise carbohydrate through the hexose monophosphate
‘pathway (Sbarra et al., 19603 Wertheimer and Ben-Tor, 1962).
Several studies (Furchgott, 19665 Coe et al., 1968) to

determine substrate requirement for supporting contraétility’have been ’
:done on smooth muscle depleted of substrate by incubétion in glucose-free

medium, The effect of reintroduction of known substrates on contractility
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was noted io assess the energy contribution of anj particuiar metabolic
pathway for contraction., Glucose and mannose restored contractions,
suggesting that the embden-Meyerhof pathway was functioning. In spite.
of the inability of several Krebs cycle intermediates.such as cltrate,
alpha~ketoglutarate, succinate, fumarate and malate to'resfore contrac-
tion, £he presence of Krebs cycle in smooth muscle cannot be doubted
because pyruvic acid and lactic acid are extremely effective as replace-
ments for glucose. Recovery of contractility after fatty acids such as"
butyrate, oleaﬁe, acetoacetate and betahydroxybutyrate suggests the
‘presence of beta oxidatiﬁe pathway. The amino acids aianine, glutamate
and aspartate do not support contractions. It may be mentioqed here that
absence of effect on contractility of a given substrate does not imply
that 1t is of no importance, in vivo. The Krebs cycle intermediates

are lneffective most probably because they do not cross the membrane
barriers encountered under the experimental conditions. However, .
Furchgott and Wales (1952), working under the assumption that unionised
di- or tricarboxylic intermediates would penetrate biological~meﬁbranes'
better, tested‘them while the pH of the medium bathing the muscle was
reduced to decrease lonisation. Under such conditions high concentra-
tions of thése substrates did become.effective in restoring contractions.
In experiments on substrate depleted muscles one has to be very cautious'
. about interpretation of results for the following reasonss the fact
that a particular substrate (which is not an intermediate in carbohydrate
metaboiism) reverses the inhibitory effect of glucose deprivation does

‘not necessarlly mean that the same substrate is normally being utilised -

by the muscle in vivo. The question of avallability of this substrate
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in vivo has to be considered before it is assigned a definite role. The
second pitfall is in the assumption that decrease in contractility during

- substrate deprivation is solely due to a decrease in the energy supply

at the level of the contractile apparatus, Membrane activity and the state
of ion pumps, especially those regulating the intracytoplasmic calcium |
.concentrations are of great importancé in determining the ultimate'extent

of contraction. When one studies the ehd result of a series of reactions

_ such as contractility of the muscle, the change seen can very well be due

to the effect of decreased energy supply on earlier steps; Recent evi-
dence presentedbby Kroeger (1970) shows that hypoxic trachewlis muscle -

of the dog loses 1ts responsiveness to acetylcholine while gaining in
resting tension. The loss of responsiveness has been attributed to the
loss of calcium from an intracellular pool probably as a result of inhib- -
ition of an active pump which normally serves to replenish this pool.

-The rise in resting tensién of the muscle, which is probably due to in-:
crease in the normally low permeability of the muscle membrane for
calcium, suggesfs that the energy requirements of the contractile

apparatus are still being fulfilled. Increase of resting tension has not

been universally seen in hypoxic smooth muscles but decrease In contrac-
tility in response to agonists during hypoxia is well known (Detar and

Bohr, 1968a; Guyton et al., 1964)., These and other findings previously

described suggest strongly the importance of aerobic metabolism of carbo-
hydrate fuel by the Krebs cycle in providing energy for contractility or
cellular excitability or boths A curious phenomenon of adaptation to
hyﬁoxia has been feported by Detar and Bohr (l968b); responses to ad-.

renaline in the rabbit éorta were depressed less after 15 hours of hypoxia
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than after less than 2 hours. On restoring the former muscles to normoxic

conditions the responsiveness to adrenaline paradoxically decreased at
first and then increased towards the prehypexic value. The acutely hypoxic

tissue, hokever, responded to oxygen by a prompt increase in tension.

The authors also observed that unlike normoxic muscles when- the hypoxic

(adaptéd) muscle was placed in a glucose free environment and its residual
resPOhse to adrenaline depressed, restoration could not be achieved with

pyruvate but could be readily attained with glucose. These workers spec- .

ulated that hypoxic adapted muscles attained a greater ability to utilise

the Embden-Meyerhof pathway for energy production. The inhibition of the.

. adapted muscle after return to normoxic‘conditions_was ascribed either

to an inhibitlon of glycolysis by oxygen (*in a fashion reminiscent of
the classically described Pasteur effect') or by stimulation of a sarco-
plasmic reticular calciﬁm pump. Obviously, as the authors have them- |
selves mentioned, moie bilochemical investigations have to be done to
claxrify this phenomenon. It is also necessary to know if the.inhibition
seen in thesé nuscles after oxygen can be related to changes in membrane

potentials as a result of effect on ion pumps - specifically on an

electrogenic sodium pump.

Future work will probably provide more information about the
compartmentalisation of ATP and other high energy compounds in the cell
for providing energy to the individual steps which ultimately lead to |

muscle contraction,
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"MEMBRANE PHENOMENA"
The membrane of smooth muscle cells possesses many properties

common to other excitable membranes. In their resting state a potential

gradient exists across the inner and outer surfaces of the membrane and
during activation or 1nhibition of the muscle, changes occur in the mag-
nitude of this potential.

1) Resting membrane potential of the smooth muscle depends upon the

transmembrane gradients of sodium, potassium and chloride along with the
‘relative permeability of the membrane to these ions. Among these, the.
~ potasslum concentration gradient and the relatively high potassium
permeability of the membrane are the major determinants. Increase in
external potassium concentration reduces the transmembrane gradient and
causes depolarisation. The relatively low membrane potential of smooth
muscle (50 mV for guinea-pig taenia coli, Bulbring, 1954) compared with
frog skeletal muscle (90 mV, Adrian, 1956) has been explained by é rel-
atively higher sodium permeability of the smooth muscle membrane

(Kuriyama, 1963) Removal of sodium from the external medium, according

“to the above scheme, should cause hyperpolarisation. This has been

found to occur by Brading and Tomita (1968) if sodium is replaced by
sucrose., Low potassium permeability of the smooth muscle compared to

that of skeletal muscle may also contribute to the smaller resting mem-

brane potential in smooth muscle. This has been shown by the studies of
Goodford and Hermansen (1961). |

| Two other factors may play some role in determining the resting
membrane potentlial. They are the chloride potential and electrogenic

sodium pump potential. According to Casteels (1970) the intraéellular
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chloride concentratiqn is too high to fit a passive distribution (as
assumed by many.workers, e«.gs Somlyo and‘Somlyo, 1968b). To explain |
this non-equilibrium distribution, one has to considér an active inwara
~ movement of chloride»ions. That chlbride ions contribute to the resting
membrane potehtial is indicated by depolérisation 6f'the membrane when

external chloride is replaced with nonpermeant sulphate anion (Kuriyama,

1963)

Since the resting membrane potential is less than the calculated

potassium equilibrium potential and more than the calculated sodium
equilibrium potential, there is a tendency for these two ions to diffuée
~ downhill across the membrane. The maintenance of dissimilar concentra—
~ tions of sodium and potassium across the membrane is possible because of
" the sbdium pﬁmp, which drives sodium out of the cell and brings potassium
in a coupled fashion (Daniel and Robinson, 1960a,b). VThe pump can become
electrogenic if it is uncoupled in such a fashion that sodium efflux ex-
ceeds potassium influx, which would result in an increase in membrane

potential. Such a phenomenon has been recently demonstrated in uterine

smooth muscle which, after sodium enrichment in cold potassium free medium,

was made to recover in the presence of potassium in the external medium
(Taylor, Paton and Daniel, 1970). This is similar to the events in the
skeletal muacle after ldentical pretreatment.(Cross, Keynes and Rybova,
1965). Hyperpolarisation, in both these instances could be reduced by

drugs or procedures which inhibited the sodium pump, e.ge ouabain, sub-
stitution 6f lithium for external sodium and reduction of temperature,

The Internal sodium concentratipn of sodium enriched skeletal muscle is

similar to that of normal smooth muscle (approxa 40 mM), and therefore
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'Holmaﬁ (1969) feels that the possibility of the role of an electrogenic
pump in the smooth muscle is attractive. Nevertheless there is no good
evidence to substantiate this possibility. Axelsson et al. (1967) ob-
served that the resting potentlal of rat portal vein decreased in K-free
: solution. While this can be explained by inhibition of the sodium pump
'(Somlyo and Somlyo, 1968b), it can Just as well be explained by a decrease
in potassium permeabllity as suggested for Purkinje fibres (Carmeliet
1961) and for Carcinus axon (Keynes and Lewis, 1951).

The recorded resting membrane potentials of different smooth
muscles vary considerably. Part of this is due to technical reasons,
e.g. recordings with the sucrose gap technique may underestimate the true
membrane potentlial because of the shortecircuiting effect of extracellular
lons; tiip potential of microelectrodes can be another cause of discrepancy,
especially with high resistance electrodés (Adrian, 1956), which are es~
sential for smooth mﬁscle studles. Another difficulty is due to the -
>3pontaneous fluctuations in membrane potential that occur in maﬁy visceral
.smoothAmuscles. The maximum level of membrane potential, recorded in the
absence of electrical activity, is around 75 mV (Burnstock et al., 1963;
Su et al., 1964; Speden, 1967). Blood vessels exhibiting myogenic
activity usually show smailer resting membrane potentials, e.g. small |
mesenteric arteries (Steedman, 1966) and anterior mesenteric vein of the
guinea-pig (Nakajima and Horn, 1967). Whether this smaller membrane
- potential predisposes to spike activity characteristic of these muscleé
cannot_be said with certainty.

11) Action potentials |

These are transient decreases in the membrane potential,
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occurriné either spontaneously or as a result of chemical influences or
electrical stimulation. The controversy about whether these elecfrical
changes (action potentials or spikes) are myogenic or neurogenic appears
to be settled in favour of myogenic initiation since they cannot be
-abolished by atropine,‘hexamethonium, cocaine or tetrodotoxin (Bﬁlbring,
1955; Bilbring et al., 1958; Bulbring and Kuriyana, 19635 Nonomura et
~al., 19663 Kuriyama et al., 1966).
The lonic basis of action potentials in the smooth muscle is

not as clear as that in the squid axon or the skeletal muscle. Sodium

appears to be less important for the production of spikes in smooth muscle

than in nerves or skeletal muscle. Reduction of external sodium chloride
to aé little as 20 mM and replacement with choline does not change the
spike amplitude. Further decrease reduces the rate of rise as well as
spike amplitude (Holman, 1957, 1958). Bulbring and Kuriyama (1963),
however, showed that when Tris chloride was used as a replgcement,lno
decrease in amplitude but only a decrease in the rate of rise of action
potential occurred. These results are not very easy to interpfet. Re-~
duction in rate of rise may not be simply due to lack of sodium ions and
“the replacing agents may themselves have an effects Further, it 1s pos-

sible that the decrease in rate of rise during sodium deficiency may be

an underestimation if compensatory changes take place during this proce-

dure. For example, low sodium may facilitate the action of calcium, if
sodium-calcium competition occurs in smooth muscle as it does in heart
(Luttgau and Niedergerke, 1958). High calcium levels tend to increase
the avallabllity of membrane sites for inward sodium movement during the

spike in the squid axon'(Frankenhaueser and Hodgkin, 1957) and if a
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- similar process occurred in smooth muscle, spike amplitude and rate.of
rise will increase. Nevertheless the consensus is that the contribution
of sodlum to the smooth muscle spike is small., Spikes which can still
be eliclted in the absence of external sodium are reduced as external
“ calcium 1s removed. This‘suggests that calcium may be‘én imﬁortant con-
.tributor to thé-action potential., This is supported by thé,following
evidence:
1) Since the transmembrane gradient of calcium is high
}(2.5 mM outside; less than 10‘6 - 10~7M inside, Caldwell, 1968) the
equilibrium potential can be expected to exceed + 100 mV, If external
sodium 1s reduced to 10 mM, the internal sodium concentration decreases
from 35 mM to about '24 mM. Under these conditions the sodium equilibrium
potential decreases from + 34 mV in the normal environment to - 22 mV.
If the spikes are due to sodium entry, one would not expect them to ex-
ceed - 22,mV unleés thére is a significant contribution from.another
cation. 1In fact, when sucrose is used as a replacement foi sodium, the
spike potential exhibits an overshoot df + 20 mV (B:ading and Tomité,
" 1968; Brading et al., 1969). |
ii) Ih low sodium solutions, calcium deficiency‘causes a slight

depolarisation., However, the decrease in amplitude and rate of rise of
splke is far in excess of what can be accounted by the defolarisation.
This suggests an increase in membrane permeability to calcium during the
spike (Brading et al., 1969). A

| 1i1) The action potential in crustacean muscle is due to cal-
clum entry (Hagiwara and Naka, 1964; Hagiwara and Nakajima, 1966).

Several similarities exist between smooth muscle and crustacean muscle.
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For example, like crustacean muscle, smooth muscle is resistant to
tetrodotoxin, aﬁ agent which prevents sodium activation (Ndnomura et al.,
1966). ‘However, manganese, which blocks calcium entry, in crustacean '
nuscle also abolishes smooth muscle spikes (Nonomura et al., 1966).4
'Finally, when the-smooth muscle splkes are abolished by calcium depletioﬁ,
substitution of barium can restore them (Bﬁlbring and Tomita; 19690).
| Calcium can contribute to spikes in smooth muscle in two
directly opposite ways. It may serve as a current carrier during excita-
tion, and the magnitude of this effect will depend upon the concentration
difference across the membrane as well as the amount of increase in mem-

brane permeability. In addition to this, calcium adsorbed on the membrane
surface acts as a stabilising agent (Frankenhauser and Hodgkin, 1957).
- This actlon results 1n‘a decrease of sodlium permeability and secondarily
a greater avallability of sodium channels for activation_during subsequént
vexcitation. The stabilising action of calcium is not limited to‘the
sodium-dependent squid axon but exists also in the calcium~dependent
barnacle muscle (Hagiwara and Takahashi, 1967). Excitation, according

to this theory, can occur due to displacement of calcium adsorbed to the
stabilising site.

Bulbring and Kuriyama (1963) caution that the depeﬁdence of

the splke on calcium in the absence of external sodium does not neces-
sarlly mean that calcium currents are important in thé presence of normal
-amounts of sodium. The opposite situation has been shown by Golenhofen }

- and Petranyi (1969) in the guinea-pig taenia coli. In a medium contain-

ing normal amounts of sodium and calcium the spikes were resistant to-

tetrodotoxin, However, in a calcium-free solution, preferably with
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magnesium absent and sodium fluoride added, the splkes initially dis-
appeared or decreased and then redeveloped to near the initial level.

The new spikes were sensitive to tetrodotoxin thus 1ndicating that sodium

lons now were the most probable current carriers. In spite of the hazard -
of unquestioned faith in the specificity of tetrodotoxin, these results
suggeSt that the smooth muscle may possess a more versaﬁile means for

utilising different ions as charge carriers in different situations than

generally conceded.

111) Functional classification of smooth muécles

| Given é muscle cell membrane that is capable of éltering its
potential gradient, one next wonders as to how_activation of a single
muscle cell fits in the context of the contraction of a large mass of
muscle consisting of numerous muscle cells, When a smooth muscle is
stimulated via its nerves, are all the cells simultaneously activated by
the nerves or is the activity originating from a few cells propagated to
other cells?

Smooth muscles have been assigned single or multiunit status'

“ by Bozler.(l948). Single unit muscle cells have very close electrical

connections. Structurally, membranes of adjacent nuscle cells are
closely apposed. This may be seen either as abutment of adjacent cell
membranes or bulbous projection of one cell against another cell or its

process., The membranes are sometimes fused or lie very close to each

other and this speclalised region is called a 'nexus® (Dewey and Barr,
1962 and 1968). In the absence of an extracellular space between the
two apposed membranes, electrical activity in one cell can readily

affect the adjacent cell, In spite of difficulty in showing a nexus due
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to éhrinkage of_cells during fixation, newer methods are bringing greater
-success to the histologist. Single unit muscles are generally present
in the abdominal organs, such as in small intestine, taenia goii, and
the uterus. o
Several observations are consistent with the presence of-iow

resistance intercellular Jjunctions such as would occur with nexuses or
tight junctlons. For example, electrical excitation originating in one
part of the muscle 1s propagated over long distances provided a>Critical
number of cells is excited originally (Tomita, 1966). Also, Holman (1969)
notlced that potential difference Eetween a depolarised and polarised
~ reglon of a smooth muscle separated several cell lengths apart can often
be recorded by the sucrose gap technique. This can only be possible if
the internal longltudinal resistance of several adjacent muscle cells is
low.,

Many smooth muscles can contract in a co-ordinated rhythmic
manner, This has long been recognised in visceral smooth muscle but has
only recently been demonstrated in vascular smooth muscle by Johansson .
and Bohr (1966) who showed that smooth muscle of the cutaheous artery of
the dog's paw 1is rhythmicaliy active when partially contiacted by sympa-
thomimetic agents or KCl. Bozler's earlier categorisation :of vascular |
smooth muscle as multiunit, based on studies on large arteries appears
now to havebbeen premature (1948).

Another property of single unit muscles is their ability tq
contract on being stretched rapidly. This phenomenon depends upon
stretch causing depolarisation. This in turn results in a propagated

wave of excitatlon all over the muscle and also an increase in the
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freqqency of 8pontane6us action potentials (Cuthbert, 1966; Hoiman,
Kasby and Suthers‘, 1968)., |

Single unit muscles have a resting active tone besideé exhib-
1ting spontaneous contractions., Both these are probably mediated‘by
~ action potentials (Burhstock et al., 1963).

. Multl-unlt muscles have not been studied as thoroughly as the

single unlt muscle from the electrophysiological standpdint. Undoubtedly
the small cell size and the large amoﬁnt of fough connective tissue
present in such muscles have not permitted successful intracéllular
potential recordings. In contrast to single unit muscles, the multi-unit
muscles do not exhibit spontaneous rhythmicity, propagated electrical or |
mechanical activity and myogenic contraction. The muscle icells are ex-
tensively surrounded by connective‘tissue, thereby increasing intercellu-
lar separation and decreasing communication. Examples of multi-unit
muScle.are the large cqnduit vessels such as the rabbit aorta and pulmon-
ary arterles, and the rat vas deferens. Another important difference
between the single and multi-unit muscles is in the necessity for exten-
‘ sive nervous contact with cells in the multi-unit muscle. Single unit
muscles do not need such extensive one-to-one innervation. This does
- not mean that single unit.ﬁuscles necessarily possess a sparse innérvation.'
| | Most of the multi-unit muscles do not readily exhibit spike
electro-genesis, Instead excitation of such muscles with KCl or drugs:
produces graded depolarisation (Somlyo and Somlyo, 1968a; Su and Bevan,
1965). In contrast, éingle unit muscles produce spikes accompénied by a
slow depolarisation during excitation with drugs or potassium (Cuthbert

and Sutter, 1965; Funaki, 19663 Johansson gi_gl.,'l967; Naka jima and
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Horn, 19673 Speden, 1967; Holman et al., 1968; Somlyo and Somlyo;
1968a.).

| Classification of smooth muscles into the two types rests on
’additional criteria as well as on their ability to generate spikes or to
respond by graded depolarisation. The spike generating muscles respond
to éledtrical étimuli of shorter duration (10 msec) compared to the

muscles depolarising in a graded fashion (Somlyo et al., 1965, 1968b).

Also, the latter smooth muscles contract in a sustained fashion when de-~

polarised by KC1l, whereas spike generating muscles respond phasically
(Somlyo et al., 1969). In an interesting experiment, Somlyo and Somlyo
(1968a) showed that caffeine converts the behaviour of the smooth muscle
of mesenteric vein from spike generation to graded depolarisation. Thus
it is possible that smooth muséles may not always behave in a set pattem
but may have dual properties. | v
| It is sﬁill premature to say that the terms 'single unitf,
'phasic’ and 'spike generating' on the one hand and "multiunit’, 'tonic’
and 'gradedly responsive' muscle on the other hand can be used inter—_
changeably. ‘Between these two extremes may lié nuscles showing inter-
-medlate behaviour, e.g. although small arteries in vitro are normally
quiescent (and hence should céme under the category of mﬁlti-unit muscle,
they can be made rhythmic under the influence of potassium (Johannson
and Bohr, 1966).
The above description has painted a very coﬁsistent picture of

the invariable decrease in membrane potential, with or without action
potentials, when a smooth nuscle is excited. Two studies are in discord

with the above. Su et al. (1967), récording intracellularly, found no
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change in the membrane potential of rabbit pulmonary artery during

_ sympatheticisfimulation while Shibata and Briggs (1966) empldying extra-
cellular electrodes recorded hyperpolarisation of the rabbit aorta during
contraction induced by adrenaline,

While it is very hard to tell exactly why the two'studies.
cited above were different from the rest one mighf take shelter under
the concept of 'phafmacomechanical coupling' (Somlyo and Somlyo, 1968a)
~ to explain the paradox. Increasing evidence is accumulating to sﬁggesi
the possibility of a non-electrical process of excitation leading to
contraction,

Although depolarisation is consistently seen during contraction
produced Ey humoral stimuli, it is by no means ébsoiutely essential. Ex-
periments done by Evans and Schild (1958) and Waugh (1962), show that .
smooth muscle depdlarised_with potassium continue tovpontract_in_respoﬁsé
to agonists without further change in membrane potential. Even ihough
these results show that pharmacological agents can bypass the need for
~ electrical activation of membrane one wonders if the prior depolarisation
by potassium allows the other agonists to manifest their,'pharmacomechan-

. ilcal' effect. The critical proof will be to show contraction of a polar-

1sed muscle without any depolarisation. Until then it will be‘very diffi-

cult to quantify the relative roles of electrical and non electrical
mechanisms in contraction produced by drugs under normal circumstances.
Just as smooth muscle stimulants act either by producing -
electrical changes in the membrane or by non electrical means, likewise
smooth muscle relaxants also have effects on the muscle cell membrane.

Agents influencing electrical properties of smooth muscle may do so
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elther by causing hyperpolarisation or by decreasing spike pfoduction.
Bulbring and Tomita (1968; 1969a,b,c) have shown that inhibition of
mechaniéal activity of guinea-pig taenia coli by adrenaline and nor-
adrenaline is associated with hyperpolarisation. This is mainly due fo |
an increase in potassium and to some extent chloride permeability. After

blocking the alpha-adrenoceptors with phentolamine when only the effect

of catecholamines on the beta-receptors remains, there is no hyperpolar-

isatlion but only a cessation of spontaneous spike activity. Others

(Somlyo and Somlyo, 1970; Somlyo, Haeusler and Somlyo, 1970) have foqnd
that beta-receptor activation in the non-spike producing avian slow muscle
or the rabbit main pulmonary artery can also produce hyperpolarisation

'by stimulating an electrogenic sodium pumpe In the rat uterus, Diamond
~and Marshall (1969a,b) observed that small concentrations of adrenaline,

‘ papaverine, tétracaine or niltroglycerin, while reducing the_ampliﬁudqﬂof’
contr#ction, mainly reduced the freqﬁency of spontaneous action potential
discharge. Very slight or no hyperpolarisation occurred with the above.
arugs. Even though higher concentrations of adrenaline caused more marked

hyperpolarisation, this was not believed to be the cause of the decrease

‘in amplitude of contraction but rather of a decrease in resting tension
of the muscle. All four agents were also 6apab1e of relaxing depolarised

muscle without altering membrane potential, an observation which suggests

that a ‘pharmacomechanical’ mechanism exists. The depressants}were an-
tagonlsed by raising external calcium concentration., Even though'it.
appears on superficlal examination that relaxants may be acting by inter-
ferihg with calclum movements, the evidence is not very clear. For

example, even though the relaxants téfracaine and cinchocaine decrease
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radiocalcium influx (Feinstein, 1966; Northover, 1968) and papaverine
1nhibits llpid-facilitated transport of calcium between two solvents

(Carpenedo et al., 1968), other relaxants like epinephrine and caffeine

(Peinstein, 1966) and indomethacin and desipramine (Northover, 1968) do
~ not seem to affect calcium movements. As mentioned elsewhere, this nay
reflect a true absence of effect or may indicate that the critical

fraction of calcium movement related to contractility is very small.

"EXCITATION~CONTRACTION COUPLING"™

It is clear from the previous discussion that-electrical de-
polarisation of the smooth muscle, either spontaneous or evoked, is
accompanied and to a great extent caused by inward movement of calciﬁm
ions. The questions that need be considered at this stage are the
- followings | | |

a) Is the quantity of calcium that enters during depolarisétion
enoﬁgh to account for the entire contraction or does the initial entry of

-calcium trigger further release of calcium'from some internal site? Such

a mechanism has been proposed for the skeletal muscle by Bianchi (1968)
and Winegrad (1970). Goodford (1967) calculated that the calcium influx
during a single action potential would baiely be adequate to raise the
intracellular concentration of calcium ions to a level which would acti-

vate éontraction, although it was possible that several spikes could

produce enough‘elevatiOn of cytoplasmic calcium to activate the contrac-
‘tile proteins. Holman (1969) estimated that if the faster spikes of
visceral smooth muscle were entirely due to calcium current, a single

action potentlal could increase the cytoplasmic calcium concentration to
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2 to 5 x 10'6M, which 1s quite adequate for initiatipg contraction.

If the calcium current of the action potential is sufficient
to trigger contraction, then several studies which show persistence of
o action potentials in the absence of contraction are difficult to explain
.‘(provided one assumes that the contractile apparatus remained functional
after the various treatments). For example, Guthbert and Sutter (1965)
:found that action potentials in rabbit anterior mesenteric veins contin-
ued for several minutes after mechanical activity héd been abolished‘by
calcium depletion. Axelsson (1961) found that action potentials contin-
ued although contractions were abolished when sodium in'the bathing
medium was replaced by lithium, hydrazine or choline. It has yet'to.be
.- quantitatively'estimatéd if the spikeo which do not elicit contractions

- carry less calcium current than normal spikes. _

b) If extraoellular calcium is not the sole activatorvof the
contractile proteins, where does fhe remaining supply of calcium come
from? An answer to this question can come from analysis of the excitation
contraction mechanism in smooth musole. ,

The excitation-contraction coupling process lihks tho excltation
of the membrane with the shortening of the contractile proteins. Detailed.
.studies in striated muscle have made it clear that the following events |
_are intimately linked with one another:

a) The excitable membrane around the preriphery of the muscle
fibre depolarises, glving rise to a propagated impulse.

b) This impulse travels to the transverse tubular'membrane
which 1s an invagination of the surface membrane overlying the Z band

region (Huxley, 1967),
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c) The eventual effect of depolarisation of the transverse
tubule is the release of sequestered calcium from the terminal cisternae.
The latter are widened ends of the sarcoplasmic reticulum situated beside

the 'Z' band of the sarcomere.

The mechanism by which depolarisation of the transverse tubule
is coupled to the release of calcium frdm the terminal cisternae is not
yet clear., Bilanchi (1968) has proposed that extracellular calcium enters

the muscle cell as a result of the depblarisation of the tiansverse tubules

-and this causes sécondafy release of calcium from the.termihal ciSteinae;
Caleclum released from the lateral cisternae bindsto troponin to cause |
contraction, Relakation occurs when the calcium is pumped back actively
into the longitudinal central part of the sarcoplasmic reticulum and then
‘redistributed to the lateral cisternae., More direct evidence that an
Incrsase in free cytoplasmic content of calcium does occur'during the
active state of the_muscle‘and these two may be causally related has

come from the work of Ridgeway and Ashley (1967). These workers injected
a chemlluminescent substance, agquorin, into barnacle muscle as an indi-

cator of free calciume An increase in luminescence (calcium transient)

followed the activation of muscle membrane but preceded the increase in
muscle tension. The peak'of_the calcium transient coincided with the
maximum rate of development of tension and a decrease in the luminescence

preceded relaxation. Even though this technique at the present stage of

development can give an estimate only of the change in cytoplasmic cal-
cium (rather than the absolute concentration of free calcium) and the

inability of aequorin to penetrate muscle cell membrane precludes its

use in small muscle cells (e.g. in smooth muscle) it is hoped that
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: brighfer ﬁrospects for its application to other muscles will arise.

In skeletal muscle, the contraction-relaxation cycle has a
much shorter time course than in smooth muscle., This is mainly due to

a much better organisation of sarcoplasmic reticulum which functions not

only as a sité from which calcium is released to the contractile protéins

during contractibn but also #s a pump for recapturing the calciume In
“smooth muscle, sarcoplasmic reticulum 1s either not developed or at best
poorly developed. It is therefore very likely that the cell membrane
assumes the functlion of the sarcoplasmic reticulum. This would be aided
by the small size of the smooth muscle cell, in which the ratio of mem-
brane surface to cell volume is much larger than in skeletal muscle.

It 1s possible that differences in the time course of contraction-
relaxation cycle in phasic and tonic smooth muscles may be due to dif-
ferences in the amount of sarcoplasmic reticulum., This has‘yet to be
‘examined. |

1) Sources and sinks for calcium in the smooth muscle

As mentloned earlier, most smooth muscles lack a well drganiéed
sarcoplasmic reticulﬁm like the one described in skeletal muscles There;
fore the process of calcium reiease and re-uptake is probably not quite
 the same quantitatively as in skeletal muscle. The few reports existing
on the presence of sarcoplasmic reticulum in smooth muscle and its
ability to take up calcium actively (Carsten, 1969) reveal that the cal-
cium binding is considerably lower than that of similar preparations

from cardiac muscle (Carsten, 1967). Considering the smaller actomyosin’

content of the smooth muscle and the relative sluggishness of the contrac- ,

tlon-relaxation cycle, it has been proposed that even this weak aétivityi
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of the sarcoplasmic reticulum may be physiologically adequate (Carsten,
1969) .

Others, in view of the paucity of sarcoplasmic reticulum in
host smooth muscles, believe that the muscle cell membrane and the-exﬁra—
'cellularvmillieu serve as the source of calcium for contréction (Peachey_
and Porter, 1959). There is some controversy regarding the mechanism of
removal of calcium from the smooth muscle contractile proteins during
relaxation. Because sarcoplasmic reticulum is poorly develagped in most
N smooth muscles, the possibility of an active transport of calgium across 
the membrane to the extracellular space has to be considered (Schatzmann;
1961). Among the few studies done so far to test this possibility, no
‘evldence has been obtained in support except by Nagasawa (1965) in the
guinea-pig taenia coli, who found that radiocalqium efflux increased

- markedly when the ambient temperatuie was increased from 4°¢ to.37°G.'

In contrast Goodford (1965a,b) found that the increase in efflux of radio-

‘calcium from guinea-plg taenia coli when the temperature was raised from
4° to 35°C was small (Qlo = 1,5). This was not significantly higher
than the temperature-induced increase in calcium efflux from a heat-killed
muscle. Goodford argued that an active prbcess for 'extrusion' of intra-
cellular calcium is not involved and suggested that removal of calcium
from the cytoplasm may be by a process of 'exclusion'. Essentially
sinilar results were obtained by Van Breemen et al. (1966) in the rat
'vuterus. Definite conclusions cannot be drawn from the above results for
the following reasons: Radio-calcium efflux from the tissue into the
inactive bathing medium does not negeséarily reflect extrusion from the

‘cytoplasm. Instead, if most of the movement really is from the muscle
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membrane,.a small component of efflux from the cytoplasm can be completely
}masked. In Goodford's study, the tissues were loaded withvradio-calcium'
at a low temperature, a procedure which was found to incfease uptake of
the isotope. If this was due mainly to a decrease in the permeability
barrier 6f the membrane, and also due to the inability of a hypotheticai .
externally directed calcium pump fo keep pace with the calcium influx,
then the rate of efflux in cold should also depehd’ﬁpon the above two
factors. However, with an increase in external temperature, permeability
should again decrease and this should, to some extent, counteract the
1n¢rease in calclium pump activity and result in a spuriously low temper-
ature coefficient for the increase in efflux. Nevertheless, Goodford's
suggestion that calcium efflux is not limited by pump activity but by
the rate éf dissolution of calcium phosphate into the extracellular
fluld is novel. '

Smooth muscles possess spherical invaginations of the plasma
membrane which are known as‘micropinocytotic veslcles. There is disagree-
‘ ment regaiding their actual number as well as distribution. Thg functional
significance of micropinocytotic vesicles is not clear. However, it is
easy to realise that these vesicles cause at least a 25% increase in the
‘area of the cell surface (Rhodin, 1962) and therefore make a larger area
of membrane avallable for exchange or transport of electrolytes and
nutrients. Recently Devine and Somlyo (1970) showed that in vascular
smooth muscle the extracellular marker, lanthanum, not only enfered ......
micropinocytotic vesicles which communicated with_the extracellular
space but also into subplasmalemmal vesicles closed off from the exferio:. ’

This strongly suggests that the pinocytotic vesicles, which are exposed
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to relatively high concentrations of calcium in the extracellular space -

can act as a reservoir for calcium that may be used for contraction. It

1s not known if these vesicles can also take part in the récapture of

calcium from the cytoplasm (and contréctilevprptein) and in its exﬁrusion ‘ égﬁ
into the extracellular space. |

11) Functional pools of calcium

In spite of little direct information about the morphological

sltes ﬁhich provide calcium for contraction of smooth muscle, a lot of

indirect evidence has been obtained to indicate that calcium is available
from more than one functional pool. Peachey and Porter (1959) suggest
that extracellular calcium activates coﬁtraction because of the small
amount of smooth muscle endoplasmic reticulum and the short diffusion
distance in smooth muscle, This was supported by the observation made

by Briggs (1962) that the magnitude of contraction of rabbit aorta pro-
duced by potassium sulphate was related linearly to the rate of uptake

of radioactive calcium from the medium. The issue was somewhat confused

by the fact that no increase in fotal calcium content of the tissue oc-
curred even though potassium did ﬁét increase calcium efflux. The data = =
of van Breemen and Daniel (1966) on the rat utérus differs from the

- above. They found that potassium increased the efflux of that fraction

of radiocalcium which emerged slowly from the muscle. More recentiy, |

~ Krejcl and Daniel (1970a) reported a decrease in radiocalcium influx in : -
fat uterus when the lsotope was allowed to penetrate after potassium- o
depolarisation. This was attriﬁuted to a decrease in diffusion of tracer

through the extracellular space due to contractiqn. However, when the

isotope was added firsf and contraction with potassium produced subse-
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quently, the influx was similar to that in an-ﬁnstimulated tissue,
Unfortunately, Briggs did not investigate the possibility of altered
movements through the extracellular space during contiaction, in his
study. Desplite these two opposite results,»an increase in 0345 influx
"dufing stimulgtion has been demonstrated in many smooth.muscles (esge
Sperelakis, 1962, in the cat intestine; Urakawa and Holland, 196%, ini
the guinea-plg taenia coli). In most of these studies no effect of |
potaésium was seen on total tissue calcium levels (Briggs, 1962; Lull- .
_mann and Slegfriedt, 1968). These differences in results are very
difficult to explaine They maj be related to differences in muscles,
differences in the effect of potassium on the extracellular space of
these tissues and differences in the extent of utilisation of extracel-
Jular calcium. An element of uncertainty is introduced by the assumption
| made in the,ébove studles that the measured isotopic content reflects
intracellular levels when it may éctually be a combination oflintracel—
lular and extracellular (bound to the basement membrane and ground
substances in the extracellular space) calcium. A translocation of cal-
clum from one compartment into another by potassium need not necessafily
be detected as increase in 45¢a influx. This is also supported by the
observation that total tissue calcium is not,altered, Nevertheless,‘it
is very likely that in most smooth muscles potassium causeé an increasev
exchangeabllity between extracellular and tissue bound (7 intracellular)
calcium, _

Complications weie introduced into the earlier concept that
only calclum derived from éxtracellular space was used for contraction

when Hinke (1965) observed that the contractile responsiveness of rat
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tall artery to potassium declined faster than that to noradrenaline when

calcium was withdrawn from the perfusion medium. Addition of EDTA
hastened decay of contractility but a difference still existed between
potassium and noradrenaline. Several workers have subsequently shown @ = 7
differential effects of calcium removal on the-contracﬁile re3ponse'of
émdoth muscle to drugs (e.g. noradrenaline or acetylcholine) or pofassium
(Durbin and Jenkinson, 19613 Edman and Schild, 19625 Sparrow and Sim-
monds, 19655 Hiraoka et al., 1968; Hudgins and Weiss, 1968). Others
have succeeded in using pharmacological tools for differentiating between
the responses to the two classes of stimulants, In the rabbit aorta,
Hudgins and Weiss (1968) observed that procaine (1 mM) inhibited the
responses to noradrenaline more than those due to potassium, Likewise
Kalsner et al. (1970) found that SKF 525-A inhibited potassium responses
more than noradrenaline responses in the above muscle. These results
suggest, that unlike potassium, drugs like acetylcholine-and ﬁoradrenaline
utillse a more tightly bound pool of calciume Studies done by Waugh (1964),
Evans et al. (1958), Somlyo and Somlyo (1968a) and many others on depolar-
iséd muscle show that noradrenalineiand acetylcholine exert theif action
in a manner different from that of potassium (i.e. without changing nem-
brane potential further).

Further support for the role of a tightly bound calcium pool
in smooth muscle contraction came from the experiments of Daniel and .
Irwin (1965) aﬁd Hurwitz andco-workers (1967a,b) These workers, espec-
ially the latter, found that guinea-pig intestinal smooth muscles could
be made to contract transiently if they were quickly exposed to a calcium-

free medium containing a small amount of EDTA. The amplitude of this
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calcium washout contraction could be increased by loading the tissues
with 36 mM prior to contraction. Since the contraction was produced

presumably in absence of extracellular calcium, the source of contractile

caicium was assumed to be tightly bound. It was hypdtheSised that iﬁ'the
calcium-free medium the muscle lost a superficial pool of palcium that
served to stabllise the membrane and prevent the entry of bound calcium
into the cytoplasm during rest. Addition of 1.8 mM calcium'at_the

height of the calcium washout contraction produced prompt, reversible

~ relaxation. However, acetylcholine produced a further shortening if
added during a calcium washout contraction. Addition of 1.8 mM calcium
now, surprisingly, produced additional shortening rather than relaxation,
The workers proposed that acetylcholine by increasing memb:ane permeabil-
ity to calcium nullified the stabilising action of the latter. One could
also propose that acetylcholine acted by decreasing the affinity of the
staﬁilising slte fpr calcium, Even though the above demonstration of |

- contractile effect in a calcium-free médium is importént, severél aspects
of the work and conclusions are open to criticism. These workers have

hot eliminated the role of severe fluctuations in osmotic pressure (adding

and withdrawing 36 mM CaClz) in the producing of the contraction. Also,

using muscles labelled with radiocalcium during the initial incubation
with 36 nM CaCl,, Hurwitz et al. (1967a) found that *5Ca efflux from the

muscle increased during the célcium washout contractlion. This increased

undirectional flux of calcium represented to the workers an increase in
membrane permeability. Alternate explanations can be provided for this
observation, based on more recent observations of Hudgins and Weiss

(1969) and Krejci and Daniel (1970b). These investigators found that
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loss of radiocalcium from smooth muscle into the medium was slower when

calcium was absent from the external medium but increased when calcium
"was Introduced. This was explained partly on the basis of exchange dif-
fus;on and partly on the abiliﬁy of external calcium to compete with the
immediate re-uptake of 456& released from the muscle, thereby causing an
accelefated loss. EDTA added to the calcium free external medium in-
creased the loss of radiocalclum., It is possible that the increased
A5Ca efflux measured by Hurwitz and co~workers (1967a) was not entirely
due to release from a bound pool but due to the chelating action of EDTA
present in thelr calcium-free washout medium. |

From the‘foregoing discussion it is clear that at least two
types of calcium pools are involved in contraction - one loosely bound
and the other tightly bound. Calculating diffusion time in the ﬁterus,
.'Daniel (1963) postulated that the loosely bound calcium was not the one
present freely in the extracellular water but‘was probably bound weékly
to some 'superficial' site in the membrane. The tightly bound calcium
pool was aléo named 'sequestered' calcium (Daniel, 1965), In addition
there 1s a third, supeificial pool of calcium which does not contfiﬁute
to cytoplasmic calcium during contraction but simply serves to stabilise
the muscle membrane during rest., | |

111) Models of inter-relation of calcium pools

Considerable speculations have been made regarding the
functional inter-relationships of these calcium stores (pools) in spite

of the absence of histological evidence as to their physical inter-

relationships (Daniel, 1965; van Breemen et al., 1966a; Hurwitz, et al., |

1967b; Goodford, 1965). Goodford (1965) accounts for 450a flux studies
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in the guinea-pig taenia coll by proposing the presence of several energy
barrlers between calclum in the extracellular space, membrane, cytoplasm

and storage sites. He proposes that the downhill movement of extra-

'céllular calcium into the cytopiasm is prevented by low mémbrane perme-
ability. ‘On the other hand, calcium from the cytoplasm is again noved
uphill to a storage sife by an energy dependent proéess. Inhibition of
energy production by cold, anoxia or metabolic inhibitors increases

tissue calcium (Goodford, 1965; Kroeger, 1970). Hypercapnia, while

producing an increased resting tension in the trachaelis muscle of the
dog, decreases the effectiveness of an agonlst like acétylcholine, which
presumably acts on bound calcium stores (Kroeger, 1970). These results
support Goodford's model and also additionally suggest that the storage
site not only acts-as a sink for removing calcium from the cytoplasm bﬁt
also as a’éource of bound calcium for contraction. Finally, Goodford
proposes that the efflux of calcium from the stores is a passive physi-
cochemical process and occurs at a rate similar to the rate of dissolution
of calcium phoéphate microcrystals.

The three simplest conventional arrangements of the two calcium

pools are 1) series, 1i) parallel and 1ii) series/parallel (Daniel, 1965).
According to the 'serles model®, calcium from the superficially

located pool has to pass through the more deeply located pool before

reaching the cytoplasm. Interference with the deeper pool would affect
inward movement of calcium from the superficial‘pool and vice versa for
the outward movement of calcium. In the 'parallel model® the two pools
communicate with the outside or inside of the cells independently. The

rate of calcilum movement from these pools, however, may be different.
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In the 'series/parallel' model a part of the calcium movement occurs in
serles and a part in parallel.

On superficial examination, the series model appears rather
attractive, since in none of the results mentioned so far could one
demonstrate the effect of potassium (acting on 'loosely bound' superficiél
‘calcium) in the absence of responsiveness to noradrenalihe (acting on
‘tightly bound*® calcium). Furthermore, after thorough depletion of
tissue célcium, muscles lose théir responsiveness to the agent acting on
'looselj bound as well as to thevagent acting on tightly bound calcium
pools, On addition of calcium to the medium, the responsiveness to the
agent acting on the loosely bound pool returns faster than to the agent
acting on the tightly bound pool of calcium (Daniel, 1963). However, if
one postulated that éalcium movement to and from the loosely bound pool
‘was faster than from the tightly bound pool, the above d&té could just

as well be explained on the basis of the parallel model, Additional -
evidence obtained by Hinke (1965) supports the parallel model. In the
rat tail artery, when the responses to potassium and noradrenaline are
abolished by calcium removal, addition of barium restores preferentially
the contractile effects of potassium. Somlyo and Somlyo (1968b) have
suggested that there is no need for postulating the multiple store ('site’)
hypothesis for explaining the differences between potassium and‘other |
~agonist induced contractions. They‘propose,that an 'external barrier,
containing high affinity sites for calcium, could concentrate the cation
from the‘external medium and, if fully utilised, support maximal contrac-
tions in the presence of very small amounts of tissue calcium. The

basement membrane or some less specialised condensation of ground sub-
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stance probably has the required caléium-binding properties. The inner

barrier‘to calcium in the abo#e model would be the plasma membrane whose

permeabllity to calcium and other solutes would be controlled by the

membrane potential, by labilising or stabilising drugs, and by calcium

itself.' One éanlreadily recognise that this model is a modification of

that of Hurwitz et al. (1967b) and is functionally analogous to Daniel's

'serles' model. Such a model, as mentioned earlier, cannot account for

the abllity of barium tq restore only potassium but not noradrenaline'

contra@tions in a calcium-free mediwm. s
‘Kinetic data to support the multiple pool hypothesis have

generally been controversial. van Breemen et al. (1966a) and Goodford

(1965a,b) failed to resolve the “50a efflux curve in rat uterus and

gulnea-pig taenia coli, respectively, into clear cut compartments releas-b

ing Q5Ca at different rates. Others, such as Hudgins and Weiss (1969),

Lillman and Seigfriedt (1968) found that the efflux curve could be re-

solved into several components. In none of these latter studies were

the rates of desaturation of tissue (45Ca) comparéd with the rate of

45Ca'loss into the medlum for parallelism. This is necessary to satisfy

the assumption that 450& emerges from a homogeneously mixed compartment

(Persoff, 1960). In spite of difficulties in attaching great quantitative
significance to these studies one can still get some idea about the be-

haviour of the calcium pools, Lillman and Siegfriedt analysed thev45ca

efflux curves of longitudinal muscle strips of guinea-pig small intestine
at different external concentrations of nonradioactive calcium. In the
‘presence of 0.6 mM ca/1, Fraction 1 of the efflux curve, which represented

31% of the 450& coming out of the muscle, had a half time of 1 min.
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.F‘raction 2 (45%) and Fraction 3 (20%) had half times of 7 and 39 min.
respectively. However, when the experiment was repeated in the presence
of 2,7 mM Ca/l, the results were as followss Fraction 1 (34%) 1 min;
Fraction 2 (52%) 4 minj Fraction 3 (14%) 22 min.

Attempts to attribute different rates of 45Ca washout solely
on the presence of different functlonal pools invol#e much over-
simplification. Undoubtedly, the variable distance of various muscle
cells from the muscle surface, presence of heterogeneous histological’
formed elements such as connectlve tissue, and the presence of multiple

organelles in the muscle cell itself can probably influencé the 4503
‘washout and make‘interpretations difficult. The solution of this problem
may come from simpler preparations of muscle cells devoid of extraneous
elements and probably also from purified viable membrane ﬁreparations.
Alternatively the demonstration of potassium-induced or drug-induced
alteration of 45Ca movements and preferential blockade with agents which
interfere with mobilisation of loosely bound or tightly bound calcium
may be more promising. Relatively few studies have been done in this
direction and results so far have not been conclusive (SChatzmann, 1961;
van Breemen and Danlel, 1966; Von Hattingberg et al., 19663 Lillmann
and Slegfriedt, 1968; Hudgins and Weiss, 1969). |

iv) Mechanical correlates of utilisation of calcium from different pools

Several Iindependent studies have shown that contractions of a
great variety of smooth muscles, produced by drugs, consist of fast
(phasic) and slow (tonic) components.,

Brodie et al. (1959) observed that the isotonic contraction of

rabbit aorta produced by adrenaline consisted of an initial fast component
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followed by a further slow component. Subsequently Bohr (1963; 1964a,b)
showed that the slow phase could be easlly decreased by reducing external
calcium concentration, while the fast component decreased only when the
reduction in calcium concentration was drastic and prolonged. In fact
the acute efféct of calcium deprivation was a slight increase in the .
magnitude of the fast component. Cbnversely increasing the external
calclum concentration produced a decrease in the fast component. Bohr
~ proposed that the magnitude of fast component depends upon membrane ex-
cit#bility whilé the slow component 1is indicative of the state of the
i excitation-contraction coupling process. He also suggested that membrane
excitatlion and excitatlon-contraction coupling constitute two consecutivei
processes in a single sequence of events leading to tension development.
If the calcium available for coupling becdmes‘extremely low, coupling
will then become the rate limitihg factor for the fast as well as the
slow component. This is supported by the decrease of both fast and slow |
components when.calcium depletion was prolonged. The above proposed -
series arrangement of the two processes cannot be supported by the ob-
servation that high external calcium decreased both fast and slow
components bécause one certainly does not expect the coupling process to
be rate limiting under these conditions. It seems that a more plausible
explanation for the two phases is that noradrenaline mobilises both a.
loésely bound (superficial) as well as a tightly bound calcium pool.
The former contributes to the slow component whereas the fast component
is produced by tightly bound calcium.

Two components of contraction have also been seen‘in the rat

aorta (Godfraind and Kaba, 1969) and these two components show the same
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-type of dependence on external calcium as the two phases in the
rabbit aorta. Very little 1s known of the electrophysiological correlates
. of these two components of contraction or about the other factors which
“modify these components of contraction. A very uhexpected observation
of Brodie et al. (1959) is the ability of the non-equilibrium alpha
adrenoceptor blocking agent Dibenamine to block preferentially the fast
component of adrenaline. If one assumes a single type of alpha receptor
for adrenaline, blockade of this receptor will be expected to affect both
phases equally. Similarly the observation that small concentrations of
adrenaline activate mainly the fast components while higher concentrations
prdduce both fast and slow components is difficult to explain on the basis
of a single receptor. These authors therefore found it necessary to
propose'separaté alpha adrenoceptors for fast and slow comboﬁents.
Multiple components of contraction have also been observed in
several vlisceral smooth muscles. Imai and Takeda (l967a,b), discovered
that the guinea-pig taenia coli responded to potassium by a phasic (quick)
component followed by a tonic (slow) component. Unlike the contractions
~ in the aorta, the phasic response was more senslitive than the tonic com-
ponent to a dec:ease in external calcium concentration. The phasic com-
ponent was also preferentlally decreased by manganese, cadmium and
aminophylline while the tonic component was inhibited by papaverine.
With the help of the sucrose gap fechnique, the phasic component was
found to be associated with spikes in the membrane potential while the
~ tonic component was associated with steady maintained depolarisation
~wlthout any spike activity. Results similar to these have also been

obtained by West et al, (1951) for responses to acetylcholine in the
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rabbit intestine. These‘workers showed that the tonic component was
inhibited by anoxia, cyanide or sodium fluoroacetate. Similar effects

of anoxia, glucose lack, lithium substitution for sodium, ouabain and -

papaverine, on the tonlic component of potassium was subsequently shown
in the guinea-pig taenia coli by Pfaffman et al. (1965), Ferrari and
Carpenedo (1968) and Urakawa et al. (1970). Very few studies have been
made to correlate two components of contraction in smooth muscle with

calcium fluxes, Thus, Urakawa and Holland (1964) found that both phasic

and tonic components of contraction due to hypertonic_KCl were assbciated

with an increased 450& influx and the tonlc phase was éccompanied in

addition by an increase in total tissue calcium. These resuits suggest

that the tonic phase depends more upon extracellular calcium and thus
contradict the results of Imal and Takeda (1967a). However, Imai and

' Takeda employed isotonic KCl solution (KCl substituting for NaCGl), while
Urakawa and Holland employed KCl in a hjpertonic solution (Kdl added to

usual concentration of NaCl), Whether this may account for the difference
is not knownf Also not known 1is why the calcium dependence of the differ-

ent components of contracfion.of‘visceral smooth muscle differ_from the

calcium dependence of components in vascular smooth muscle.

SUMMARY

The theme of the foregoing review has been the centrél role

played by calcium in the activation of smooth muscle contractile proteins.
Evidence has been provided that smooth muscle stimulants mobilise calcium
from several different functional pools either by altering the electrical

gradient across the muscle membrane or by a non-electrical ‘pharmaco-
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mechanical' process. Smooth muscle relaxants, likewise, mcy decrcase
mobilisation of calcium by electrlcal or non-electrical means. Several
models for the arrangement of the various calcium pools have been proposed
and the serles/parallel arrangement appears to te currently acceptable.
"There 1s some evidence that mechanical manifestation of'activation of
contractile protein can be resolved into several components and these in
turn can be related to the different mechanisms or functional pools of

calcium that eventually contribute to muscle contraction.
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STATEMENT OF PROBLEM

‘ It isvgenerally agreed that calcium is the most important
factor in coupling excitation of smooth muscle membiane to its eventual
contraction. Multiple pools (sources) of calcium have been proposed and
as a result of several lines of evidence it appears that different types
of stimull utilisé different pools of calcium for initiating contraction.
SéVeral ions, drugs and procedures alter the responsiveness of smooth
muscie to stimulants, It is conceivable that manj of these may be due
to changes in the mode of utilisation of the various calcium pools. The ' ;;;
purpose of this study is to develop a method for assessing the contri-
bution of any particular calcium pool to contraction by analysing the
mechanical actlivity of the muscle. The cat splenic capsular smooth
muscle was found suitable for this purpose. |

- The isometrié contractile response of the capsular smooth
muscle to noradrenaline consists of an initial rapid phase which is
followed by a further slow increase in tension. These two phases have

been found to rely on a tightly and a ldoSely bound pool of calcium

réépectively. With this system an attempt was made to study the effect
of a variety of agenis which inhibit noradrehaline>re5ponses. These
included an alphaadrenoceptor blocking agent as well as several others
which are better known as nonspecific smooth muscle relaxants.

It was hoped that some agents might have differential effects @ = ..
on the two phases of contraction which in turn would suggest differential

effects on the two calcium pools.

Radioactive calcium movement across the resting or stimulated.-
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spienic capsular muscle was also studied to attempt to characterise the.

various pools of calcium,

The effect of pre-existing membrane potential on the contractile

response to stimulating agents was studied by employing prbcedures that
depolarise or hyperpolarise muscles.

Many agents or prbcedures are known to cause supersensitivity
of smooth muscle to agonists. These, in the case of sympathomimetic
| agents, include cocaine, reserpine'and denervation of sympathetic nerves, -
From the recent findings of several workers the phenomenon of’supersensif
_tivity appears to be mediated at least partly by alterations in the mode
of utilisation of calcium. Hence the effects of various drugs on the two
phases of contraction were studied to elucidate the mechanism of super-

. sensitivity,

The investigation is mainly directed towards the develobment
of a procedure for studying utilisation of different calcium pools by
analjsis of a single isometric contraction of the capsular smooth muscle
and to the use of this method to study the interrelationships of the
different calcium pools aﬁd the effect of drugs which alter muscle re-
activity on these pools, _

The cat spleen was chosen for this study because the two phasés
of éontraction due to norédrenalinevare‘very distinct. The preparation |
is quiescent. A considerable amount of work has previously been done in
our laborétory on this tissue, which responds to a variety of agonists
such as catecholamines, acetylcholine, histamine, angiotensin and 5-
hydroxytryptamine. Previous work has also chéracterised the effect of

a variety of procedures which interfere with the mechanism of storage

L4
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and release of noradrenaline in the sympathetic nerve endings'of the

spleen and cause supersensitivity (Davidson, 19703 Mailhot, 1970).

Preliminary work showed that it was éasy to prepare a slice of the spleen




METHODS
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I. PREPARATION OF THE CAT ISOLATED SPLEEN STRIP

Cats (1.5 -~ 2 kg) of either sex were stunned by a blow on the
head and bled to.death'b& cutting the heart. The spleeh was quickly
removed and placed in Krebs-Henseleit solution at room temperature'(é3°c);v
A thin (0.5 mm)'élice was cut from the surface opposite the hilum with a
St&die—Rigg microtome. Strips (15 mm x 2 mm) were cut-from this slice
in the longitudinal, oblique or transversé directions with a device made}
| of five razor blades mounted parallel to one énother 2 mm apart. In some
initial experiments the conventional preparations obtained by cutting
along the edges of the spleen were utilised for comparison.

Hlstological sections showed‘that the slice included mainly the
capsular smooth muscle and contained much less pulp and blood vessels .
than the thicker preparations obtained by cutting along the‘edges of the
spleen. The main reason for using a thinner preparation was to reduce
thé problems of diffusion of drugs and ions and of heterogeneity of mus-
cular and other tissue elements.

The spleen strips were mounted in individual 10 ml jacketed
organ baths, bathed in Krebs-Henseleit sélution (pH 7.4 temperature
37°C) and equilibrated with 95% 0,85% CO». Changes in isometric tension
were recorded with a Grass FT-03D force displacement transducer on a Grass
Polygraph. The preparations were initially stretched to exert a steady
resting tension of 1 g Before the experiment began the tissues were
stimulated with noradrenaline, usuaily at intervals of 15 min_until‘the
responses became stable. Further procedures will be described in thei

' RESULTS' section,
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| II.. BATHING SOLUTIONS

The following bathing solutions were made with glass

distilled water.

a)

Krebs-Henseleit solution: NaCl 118 mM; KCl 4.7 mM; CaCl2 2.5 mM3

KH2P04 1.4 mM; MgSOu 1.2 mM; Na.HIGO3 25 mM and glucose 11 mM.

In the preparation of this solution calcium chloride and magne-
sium sulphate were added only after all the other ingfedients
had been dissolved and the solution equilibrated with the 02-002

mixture for fifteen minutes.

Modified Krebs-Henseleit solutions

1) Calcium-free Krebs-Henseleit solution
The composition was similar to that of Krebs-Henseleit

solution with the omission of calcium chloridé.: Solutions to

contain various low concentrations of calcium were obtained by

addition of appropriate volumes of a concentrated stock solution
of calcium chloride to the calcium~free solution. No substitu-

tion was made to compensate for the decrease in osmolarity of ‘i
the bathing medium caused by reduction of the amount of calcium

chlorides In several experiments the free calcium concentration

was reduced by adding the chelator ethylene glycol bis (2-amino-
ethylether) tetraacetic acid (EGTA) to the standard Krebs-

Henseleit solution. Specific details will be provided in the

'RESULTS®' section.

11) Potassium-free Krebs-Henseleit solution

This was made by omission of potassium chloride from

the Krebs-Henseleit solution and substitution of equimolar
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concentratioﬁs of sodium dihydrogen phosphate for potassium
dihydrogen phosphate.

1i11) Low chloride solution

A1l the ingredients were similar to those used for
making Krebs-Henseleit solution with the exception of sodium
. chloride which was replaced by an'equimolar concentration
sodium isethionate. The solution still contained 7.2 mM of
chloride., |

iv) High potassium depolarising solutions

These were prepared by-substituting diffeient amounts
of potassium bicarbonate and potassiumvchloride for equimolar
concentrations of sodium bicarbonate and sodium chloride,

EXPERIMENTAL PROCEDURES

a) Treatment with reserpine

Noradrenaline stqres‘in spleen were depleted by
intraperitoneal injection of 1 ng/kg reserpine twenty four.
hours prior to experiments. Tissues were tested for depletion
of noradrenaline stores by chemical assay using the method of
‘Bertler et al. (1958) and Euler and Lisha jko (1959) and by the
failure to elicit contraction with tyramine (33 x 10'5.g/m1)‘at
the beginning of the experiment.

b) Sympathetic denervation with 6~hydroxydopamine

This was done according to the method recommended by
Mailhot (1970). A dose of 35 mg/kg was administered intra-
venously. The drug was dissolved immediately before use in

0.5 ml of 0.1 N hydrochloric acid. The spleen was taken out
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for experimehts twenty four hours later. This procedure is
known to produce an impairment of noradrenaline uptake and a
specific supersensitivity to noradrenaline and‘adrenaline but
not to isoprenaline or histamine (Mailhot, 1970).

Ionic analyses

1) ‘Estimation of inulin space
Inulin was used as an extracellular marker since it

1s generally believed not to penetrate the cell. In each

determination of the effect of a treatment on the ionic content

of spleen slices, inulin-methoxy—BH was added to the incubating

medium thirty minutes before the slices were removed for analy-
sls. When the incubation period was over some of the slices

were dipped in non-radivactive incubation medium for four sec-
onds, blotted gently, weighed on a torsion balance, homogeniséd
in 5% trichloracetic acid (TCA) and centrifuged for ten minutes

at 3000 rpme Aliquots (0.3 ml) from the supernate were added

~to vials containing 10 nl of scintillation fluid and the samples

were counted in a Phillips liquid scintillation spectrometer.

The radiocactive incubation medium was diluted 50 fold and TCA.
in amounts similar to that existing in the samples from the -
tissue, was added to this. An aliquot (0.3 ml) from this was
mixed with 10 ml of scintillation fluid and counted.

Another set of tissues was identically teste&. Wet
weight was determined afterbgentle blotting and dry weight after
desslcation in vacuum at 8090 fof twelve hours.

Inulin space (fraction of total tissue water) was

determined as followss
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Inulin space = a [? + (d—eﬂ

(b) (c) (d-e)

counts/min in aliquot from homogenate

where a

b = counts/min in aliquot from medium

Q
"

dilution of medium
d = wet welight of tissue
e = dry welght of tissue
11) Determination of intracellular sodium and

potassium content

e

After appropriate pre-incubation, the spleen slices
were removed from £he bathing medié, blotted gently, weighed
and put into polyethylene tubes containing concentrated nitric
acid (0.2 ml) and deionised distilled water (0.2 ml). The ions
were. extracted for two hours at 37°C. Additional distilled
water was added to make up a volume of 3.0 ml and.extraction
continued for another eighteen hours. The aqueous extrécts of
lons were analysed for sodium and potassium in ; Perkin Elmer
Atomic Absorption Spectrophotométer. An amount of nitric acid
was added to the sodium and potassium standard solutions to
equal the concentratlon of the acid in tissue extracts., The
potassium standards in addition to containing potaséium,chlnr-
ide and nitric acid also contained 0.15 M of sodium chloride.

Concentrations of the ions were expressed in terms
of mEq/1 intracellular water and were calculafed by correcting

the total tissue lon concentration (mEq/kg wet weight) for the

sodium and potassium concentration in the extracellular (inulin
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space). The concentration of ions in the extracellular space

was considered to be the same as that in the bathing medium.

Concentration of ion (mEq/1) intracellular water) =

A-BxC |
1 - [ (dxry welght/wet weight) + B]

Where A = total tissue ion concentration (mEq/kg wet weight) e
B = extracellular space (fraction of total tissue water)
C = concentration of ion (mEq/l) in external medium

111) Determination of total tissue calcium

Tissue samples after appropriate treatments were
blotted gently and put in weighed platinum crucibles. After
being welghed again, the crucibles were put in a vacuum dessi-
cator at 80°G for twelve hours, reweighed and finally ashed at
600°C for twelve hours in a muffle furnéce.' This left a white
powdery residue which was then dissolved in 1.0.ml of a solution

‘of 1% lanthanum chloride in 5% hydrochloric acid. ;Lanthanum.
’chloride was used to pievent,interference’by tissue phosphates
in the calcium determination. The tissue calcium dissolved in
the lanthanum-hydrochloric acid solution was estimated by atomic

absorption spectrophotometry. The instrument was initially

adjusted to indicate a null reading with a blank solution (1%
lanthanum chloride in 5% hydrochloric acid). Standard solutions
of calcium chloride wére prépared in the lanthanum chloride-
hydrochloric acid solution. Tissue concentrations of calcium

were expressed in mM/kg wet weight.
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- Tracer radioactive calcium efflux

Spleen slices were tied to thin glass rods with
terylene threads and preincubated in Krebs-Henseleit solution
at 37°C for 1 hour. In Some experiments they were exposed to

20 ml of calcium-free Krebs-Henseleit solution containing

“ethylene glycol bis (2-amino-ethylether) tetraacetic acid

(EGTA) (6 mM) for 15 min, followed by incubation in 20 ml of

calcium~free Krebs-Henseleit solution for 15 min. Subsequently

thé slices were placed for 60 min in 5 ml of‘calcium-free Krebs-.
Henseleit solution confaining‘Z/LGi of 45Ca012. The fotal
radioactive calcium concentration of this medlum was 2.7/Lg/ml.
Loading under the above condition (low total external calcium
concentration) ensured a large uptake of'45Ca. The tissues

were then dippgd successively for one second into each of four
test tubes containing Ca-free Krebs-Henseleit solution in order
to remove radioactivity from the muscle surface. The tissuesv
were then passed through a series of tubes confaining normal. |
Krebs-Henseleit solution or calcium-free Krebs-Henseleit solution
(2 ml) to allow efflux of *5Ca. The incubation time in each
tube was usually 5 min but varied from 15 sec to 30 min in some
experiments. The agents whose effect on 45Ca had to be studied
Were added to appropriate tubes and a similar volume of calcium~
free or normai Krebs-Henseleit solution (depending on the
particular case) was added to the remaining tubes. After
passage through the entire series of tubes in any given experi-

ment, the tissues were quickly removed from the glass rods,
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blotted gently and ashed at 600°C. The ash was dissolved in

1% lanthanun chloride in 5% hydrochloric acid (2 ml). Aliquots
(0.3 m1) from the dissolved ash as well as the media in the

efflux tubes were added to 10 ml of scintillation fluid and

counted in a Phillips Liquid Scintillation spectrometer for

4 minutes. The.tissue counts, after correcting for'wet»weighf

were added to the cumulative sum of all counts in the efflux
media to determine the total tissue radioactivity at the in-

ceptlon of washout. The efflux was depicted either as the

residual radloactivity of the tissue, plotted on a semi-log
scale as a function of time (desaturatioh curve) or plotted

as the rate of 45Ga emergence into the efflux nedium as a
function of time. Further detalls of these procedures will be
described at appropriate places in the *RESULTS' section. An
eye line of best fit was applied to the data points and the -
cuive analysed for its component exponentials by the graphical
method of Riggs (1963).

Tracer radioactive calcium influx

Spleen strips 2 cm x 0.3 cm x 0.05 cm were tied with
terylene thread to hooks placéd 2.5 cm apart on thin glass
rods. The strips were then equilibrated in Krebs-Henseleit

solution (gassed with 02—002 mixture) at 37°G for one. hour.

During this period they were challenged twice with noradren-

aline (l(_)"6 g/ml). After the preincubation period of one hour

pairs of tissues were subjected to one of two proceduress

1) ‘One strip of the pair was incubated in Krebs-
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Henseleit solution containing 5 x 10-6 g/ml of noradrenaline
fof 1 minute and then transferred to a beaker containing
106 g/ml noradrenaline and 4 uCi “505012 in Krebs-Henseleit
solution for 1 minute. The other tissue was kept only in
Krebs-Henselelt solution containing 4 MCi 45Ca012 for 4 min-
utes. | : o
11) One muscle of the pair was incubated in K;eﬁs-
Henselelt solution containing 4 uCi 45CaC12.for 1 minute and
then kept in the same solution with noradrenaline added to
- make a concentration of‘5 x 10-6 g/ml for 3 minutes. The
other muscle of the pair was kept in Krebs-Henseleit solution
_ containing 4 uCi “5cac12 for 3 ninutes. '

After the necessary incubations, the muscles were

cut away frém the threads which secured them to the rods.
- After gentle blotting the muscles were transferred to weighed .
platinum érucibles, welghed again, dessicated in vacuum at |
80°C for twelve hours and ashed for another twelve hours at
600°C. Ashed samples were dissolved in 1 ml of a 1% solution
of lanthaﬁum chloride in 5% hydrochloric.acid.

Aliguots (0.3 ml) obtained from the solution of the
ashed tissue as well as from a 50 fold diluted radioactive
Incubation medium were counted by the liquid scintillation
technique after mixing with 10 ml of the scintillating fluid.
The radioactivity/gm tissue wet weight was obtained by multi-
plying counts/min by 3.3 and dividing the product by the tissue
wet weight (g). Similarly the counts/min/ml of the incubation
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medium was also calculated. 450a space in the tissue was

 obtained by dividing the tissue counts/min/gm by the medium

counts/min/ml.

Procedure for increasing intracellular concentration of
sodium of spleen strips

Spleen strips were incubated in Krebs-Henseleit

solution for one hour at 37°C and then in four changes of

potassium-free solution (10 ml/strip). The strips stayed for

a total of two hours in the potassium-free solution at‘37°G
before being finally placed in 400 ml of potassium-free
solutien at 4°C for twenty four hours. Subsequently the
strips were utilised for measurement of tension or ionic
changes produced by several different treatments that will
be described in greater detail in the 'RESULTS' section.

Histology of spleen strips

1) Light microscopy

Spleen strips cut along the longitudinal axis of the

spleen were tied to glass rods and then incubated in Krebé—

Henseleit solution for 30 min. The strips were fixed in a 10%

solution of formaldehyde in normal saline for 7 days, embedded

in paraffin and sectioned for light micrbscopy. Sections were

stained with haematoxylin-eosin or Verhoff's connective tissue
stain before examination.-

11) ' Electron microscopy

After incubation in Krebs-Henseleit solution for 30

min the strips were initially fixed in Z%vglutaraldehyde‘in
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Millonig's phosphate buffer (pH 7.1) for 30 min at 4°C, washed

with the buffer for one hour; post-fixed with osmic acid and
stained with 2% uranyl acetate. The tissues were embedded in

Epon and the ultra thin sections cut from the blocks were

- stained with Reynold's lead citrate before electron microscopic

examination,.

IV. DRUGS AND OTHER EXPERIMENTAL MATERIALS

a)

Scintillation fluid consisted of diphenyloxazole'(PPO) 11.6 g3

p-bis-2 (5-phenyloxazolyl) benzene (POPOP) 0.22 g; toluene 2 1
and ethyleneglycol monomethyl ether 1 1.

Method of preparation of solutions of drugs. Stock solutions

of l-noradrenaline bitartrate, l-isoprenaline bitartrate,
phenylephrine hydrochloride and histamine.diphosphate Were
prepared in 0.1 N HCl and frozen. Dilutions were freshly made
in OIN HCl. The stock solﬁtions were made in concentrations
of 1 and 10 ng free base/ml. |

Phén‘oxyben‘za.mine hydrochloride (1 mg/ml) was prepared

in propylene glycol acidified with 0.05 ml of 12 N HC1 per 10 ml

of solution. Appropriate dilutions were prepared with distilled

water immediately before use.

Solution of reserpine (5 mg/ml) was made by dissolving

reserpine (50 mg) in propylene glycol (5 ml), glacial acetic

acid (2.5 ml) and ethanol (2.5 ml).
6-hydroxydopamine was dissolved in 0.1 N HCl

immediately before use.

All other drugs and inorganic substances were
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dissolved in distilled water and the pH brought as close to-

7.3 as possible by titrating with NaOH.

Stock solutions of organic substances except EGTA
were stored in the frozen state while»the EGTA and the inorganic
substances were stored at room temperature. ’

List of drugs and chemicals used . -

aminophyllin (B.D.H.)

barium chloride (B.D.H.)

45Ca012 (Amersham/Searle)

calcium chloride (Fisher)

chlorpromazine (May and Baker)

clonidine hydrochloride (Boehringer Ingelheim)
cocaine hydrochloride (B.D:H.) |
diazoxide (Schering)

ethylene glycol bis (beta-aminoethyl ether) N, N-tetraacetic
acid (BGTA) (Fisher)

histamine diphosphate (Nutr. Biochem. Co.)

inulin-methoxy-BH (New England Nuclear)

l-isoprenaline bitartrate dihydrate (Sterling Winthrop)

lanthanum chloride (Fisher) | '

lithium chloride (B.D.H.) ; |
manganese chloride (Fisher)

l-noradrenaline bitartrate (Calblochem)

ouabain (Nutr. Biochem. Co.)

papaverine (S.K. and F.)

phénoxybenzamine hydrochloride (8.K. and F.)
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1-phenylephrine hydrochloride (Sterling Winthrop)
procaine hydroéhloride (B.D.H.) |
sodium cyanide (B.D.H.)

sodium isethionate (Eastman Kodak)
sodium py:uvate (Fisher)

sucrose (Fisher) |

sucrose-luc'(New England Nucleai)

zinc chloride (Fisher)

V. STATISTICAL EVALUATION OF RESULTS

The effect of any treatment or procedure on a response waé
compared with control values by the Student's t test. Comparisons involv-
ing more than iwo data points were made using the Duncan's multiple range

test, (new).
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I. Effect of noradrenaline, isoprenaline, histamine and potassium

chloride on the capsular smooth muscle of the cat spleen

Strips cut along.the longitudinal axis of the spleen were
- incubated in Krebs-Henseleit solution at 37°C. For studying'the responses
to néradrenaline, isoprenaliné and histamine, the spleens. were obtained
from normal cats. The response to high concentrations of potassium-
chloride were studied in spleens depleted of catechélaminesv(<;0;05' g/en)
by ﬁretreatment of the cats with reserpine. This was done to avold the
complication of release of endogenous catecholamines b& potassium which
would_have interfered with the direct depolarising effect'of:potassium
on the muscle. Strips depleted of catecholamines failed td respond to
‘tyramine, 1077 g/ml. This was tested routinely in the beginning of every
‘experiment involving a.reserpine—treated strip.' The results are shown
in Fig. 1lA. Equivalent responses to all three amines consisted of an
initiél fast irncrease in tension followed by a second slower inéreasé.
These will subsequently be referred to as the 'fast' and ‘slow’ phaSesb
df contraction. The effect of potassium was'studied by replacing the
standard Krebs-Henseleit solution with one in which 90 mM potassium .
chloride was presen£ and an appropriate ampunt of sodium chloride removed.
The contractile response to this proéedure consisted of a single phaseQ
An unexpected observation was that ispprénaline which acts on the same
alpha adrehergic receptors fQi producing contraction as‘noradrenaline
(Davidsoﬁ; 1970) produced a much smaller fast phase compared to that in
‘an equivalent contraction produced by noradrenaline. |

| To investigate whether the two phases of contraction produced

by the drugs could be due to uneven mixing in the bathing medium, spleen




Figc 1.

Variation in the rﬁtio of slow to fast phases of
contraction with different agonists. Lack of effect
of preliminary dilution of the agonist. '

A. Contractions due to noradrenaline (NA), histamine
(HIST) and isoprenaline (ISO) of spleen capsular smooth
muscle from normal cats, and to KCl (K) in spleen cap-
sular smooth muscle from cats treated with reserpine,

1 ng/kg, 24 hours beforehand.

B. Responses to noradrenaline, 10-% g/ml, added as a
concentrated solution for the first contraction, and
added as a premixed bathing solution after emptying
the bath for the second contraction.
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.-strips Were challenged with noradrenaline in two different ways (Fig. 1B).
A response was obtained with concentrated noradrenaline solution added to
the bath to produce a concentration of 10'6 g/ml. The drug was washed
~out and 15 min later the bathing medium was replaced with a 10-6 g/ml
soldtion of'ﬁoradrenaline in Krebs-Henseleit medium gassed with 0,-C0,
mixture and kept‘at 37°C in a water bath. The prior diiution of nof—d
adrenaline was made to eliminate the delay in attainment of uniform mixiﬁg
“when concentrated drug solutions are added directly £o the bath. As can
"be seen in Fig. 1B the premixed solution of noradrenaline also produced
~two phasés. .The two phases of contraction are not értefacts of mixing.

| Little is known about the orientation of smooth muscle fibres
in the spleen capsule. It is conceivable that the two phases may arise
due to muscle fibres belng arranged in different directions. If this is
true,then marked differences in the relative proportions of the two
~ phases should be obtained from strips dut at different ahgles'to.the
lodgitudinal axls. To test this spleen strips were obtained by cutting
the thin slice from the surface of the spleen either longitudinally,

transversely or diagonally. The strips were cut 1.5 cm long and were

. subjected to a tension of 1 g before stimulation (Fig. 2)’ Noradrenaline
‘(lO"6 g/ml) produced nearly similar proportions of the two phases in the
preparations cut in three different ways. However, the strip that was
- cut longitudinally developed the greatest amount of tension. This indi-
“cates that a majoriiy of the muscle cells are arranged parallel to the
longitudinal axis of the spleen. Histological sections of the capsule

show that this is true in most areas examined. It was also noted that

the capsular muscle cells were 4-5 layers deep and were surrounded by



- 65 -

Transverse

£
2
)
Longitudinal
E
o T
5 |
Diagonal
E
2
)
o
60 sec

Fig. 2. Effect of different orientation of spleen strips on the

two phases of contraction due to noradrenaline, 10-6 g/ml.
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connective tissue. In all future experiments, the longitudinal strips
. were employed.

II. Effect of various resting tensions on the response to noradrenaline

Since muscles possess an optimum length at which contraction
is largest, preliminary experiments were done to find the effect of '
various degrees of stretch on the resting tension, length of thevprepar-
ation and active tension produced in response to a_conétant submaximal
concentration of noradrenaline (10"'6 g/ml).
Eight spleen strips were initially stretched to exert a tension
of 1 g and repeatedly stimulated with noradrenaline untilireproducible
responses'were obtained. The stretch on the muscles was then completely
withdrawn by lowering the transducers. After 10 min the transducers were
raised until the muscles were under a.tension of no more than 20 mg;
5 min later the muscles were stimulated with noradrenaline and the magni-
tude of fast and slow phases observed. The slow phase was measuréd in
two different ways. In one method the slow phase was measured from the
point at which the initial rapid increase in tensioﬁ slowed down (result-
ing in a change in slope of the curve) to the point of maximum tension. = = =
In the othei method the slow phase was measured from the beginning of
£he'contraction to the point of maximum tension. These two methods were
used provisidnally. From subséquent analysis of the twdAphases by tegh—
niques designed to dissociate them (to be presented 1ater in this section)
1t was decided to retain the second method of measurement of slow‘phase.

After two contractions were elicited 15 min apart, with the

-muscles bearing a minimum resting tension, the transducer was moved

further away until the muscles exerted a steady tension of 0.25 g« Again
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two tests were made with noradrenaline. In a similar manner, responses
were tested at 0.5, 1, 2 and 3 g initial tensions. The results are shown
in Fig. 3. The total active tension produced by noradrenaline increased
steadily to a maximum when the resting tension was increased from the
minimum level to 1 g Further increase in resting tension caused a
‘decrease in active tension."Although not shown in this figure, the»rest—
ing length of the muscles when minimum tension ﬁas exerted increased by
40.3% when the tension was increased to 1 g. Increase in tension to 2
~and 3 g caused proportionately smaller increases in length of 45.6% and
47.4% of the minimally stretched length respectively. When the changes
in actlve tensilon and ratios of the slow to fast phases as a function of
resting tehsion were compared, the change in active tension was greater
than the change in the ratio of slow to fast phase, irrespective of how
the slow phase was measured. For example, at minimum resting tension

the mean active  tension due to noradrenaline was only 35.5% of the
maximum increase in active tension observed at a resting tension of 1 g.
After the resting tension was increased from the minimal level‘to 0.25 g
the contraction induced by noradrenaline was 75% of the maximum. This
response was significantly (p<0.0l) larger than the previous one. The
ratio of slow to fast phase decreased from a mean Value of 3.48 td 3.05
when the slow ﬁhase was measured as the total increase in tension above
the resting tension. This was not significant at the 0.05 level. How-
ever, since the tefylene thread that-WaS used for attaching the muscle

tq the transducer was far from being an ideal non-compliant system
necessary for such studies, the responses at minimal resting tensions

were not given any importance. Further increase in resting tension from




Fig- 3.

Effect of resting tension on the active tension
produced by noradrenaline (10~6 g/ml).

( ® ) active tension; ( © ) ratio of slow to fast -
phase with the slow phase considered equal to the total

~active tensiony ( X ) ratio of slow to fast phase -

with the slow phase was measured as the difference be-
tween the total active tension and fast phase (see inset).
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0.25 g to 0.5 g produced a response that‘was 90.7% of the maximum. vThis _
response also was significantly larger (p<0.01) than the previous
response, However, the change in ratio of the two phases from 3.05 to
v‘2.49iwas also not.found to be statistically significant. At 1 g resting
' tension the active tension was maximum but‘was not larger than the previous -
response in a statistically significant manner. Further increase iﬁ'rest—
ing tension to 2 g produced a statistically significant (p<0.01) decrease
in the magnitude of active tension without producing a significant change -
in the ratio of the two phases (2.56 to 2.26).' A further significant
‘decrease in tension occurred when the resting tension was increased to
3 g+ The ratio slightly increased from 2.26 to 2.51 but was not signifi-
~cantly different. BEssentially similar results4wére obtained when the slow
phase was measured as the difference between total active tension and fast
phase (Fig. 3),

These results show that between 0.5 g and 3 g the changes in -
active tension due to changes in initial resting tensiqn affect both
phases in a nearly similar fashion. Since the change in activé tension

resulting from increased resting tension is due to the change in the

position of the actin and myosin filaments in relation to each other
‘(Huxley and Peachey, 19613 Gordon et al., 1966) the lack of change of
the relative magnitude of fast and slow phases suggests that the mechan-

isms involved in their production are earlier than the step in which

actlivation of contractile proteins occurs. A resting tension of 1 g was
selected for subsequent experiments as this appeared to be optimal for

development of active tension.
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IIT. The role of calclum in the two phases of contraction

due to noradrenaline

As it 1is well known that smooth muscle contraction depends upon
the availability of calcium to the contractile proteins and several lines
of evldence sugges£ that there may be multipie sources for this 'activator'
calcium, the effect of altering external calcium on the two phases of nOr-‘_.
adrenaline contraction were studied. A total of 8 spleen strips were |
obtained from U4 cats and incubated in Krebs-Henseleit solution. The
muscles weie repeatedly challenged at 15 min intervals with noradrenaline
(10‘6 g/ml) and isometrié tenslion changes were recorded. After the
responses of the muscle to noradrenaline became constant, the caicium
content of the Krebs-Henseleit bathing solution was reduced to 2 mM for
10 min and the muscles tested again with noradrenaline. In a similar
stepwise fashion the calcium concentration of the medium was reduced to _
1, 0.8, 0.4, 0.2 and 0.1 mM and response to noradrenalihe obtained at
each concentration. Finally the muscles were incubated in a calcium-free

medium for 2 hr. The effect of these procedures on the two phases are

shown in Fig. 4. The slow phase was measured as the total increase in
tension from the baseline. Reductlon of external calcium from 2.5 mM to
0.8 mM had no effect on the fast phase of contraction. Reduction to
0.4 mM decreased the fast phase by 7.5% which was not statistically

significant (p<0.05) (Fig. 5). Further decrease in calcium concentration

to 0.2 and 0.1 mM reduced the fast phase by 10.6% and 19,2% respectively.
Both these changes were statistically significant at the 0.05 level.
Compared to the fast phase, the slow phase was much more sensitive to

variations in the extracellular calcium concentration. Reduction of the
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Fig. 4. Effect of reduction of external calcium concentration

on the two phases of contraction due to noradrenaline
(10‘6 g/ml) .
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Bffect of external calcium concentration on the magnitude
of slow and fast phases.

Inhibition of each phase is expressed as a percentage of
the control value of the corresponding phase in the presence
of 2,5 mM external calcium, Each point on the curves was
compared with the adjacent point obtained with a higher
concentration of external calcium. Note the preferential
effect of all levels of calcium depletion on the slow phase

except that of prolonged depletion in a calcium-free medium. |
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external calcium concentrétions down to 0.8 mM did not cause a statisti-
cally significant decrease in the magnitude of slow phase. However,
concentrations of 0.4, 0.2 and 0.1 mM reduced the slow phase by 22.5%, -
| 50.5% and 62.4% respectively. All £hese changes were significantly
 (p<0.01) different from each other as well as from the slight (4.7%)
inhibition at 0.8 mM external calcium. Prolonged incubation for 2 hr in
the calcium-free medium resulted in nearly complete abolition of both
phases (98%). Thus the slow phase is more sensitive than the fast phase
to reduction in extracellular calcium concentration. It is reasonable
to think that the fast phase relies upon a source of calcium that is

more tightly bound than the source which contributes to the slow phase.

IV. Effect of reduced external calcium on the calcium content

of spleen stirlips

In the previous experiment with the extemal céicium concentra-
tion lowered to 0.1 mM, the slow phase was reduced by 62.4% while the
faét phase was reduced only 19.2%. In the following experiment the time
course of calcium depletion of spleen strips incubated in a medium con-
taining 0.1 mM calcium chloride was studied. 48 spleen strips were
suspended in Krebs-Henseleit solution, 6 for recording tension and the
remainder for analysis of calclum content. The muscles were stimuiated
with noradrenaline (10'6 g/ml) every 15 min until constant responses
were obtained. 6 strips were then removed for analysis of the calcium
content. The calcium content after this treatment.was regarded as the
normal value. All the muscles were then exposed to a medium containing

0.1 mM calcium chloride and the responses to noradrenaline were obtained

after 5, 10, 15, 30 and 45 min in two strips after each of the first three
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time periods'and in all the strips after the remalining two fime periods.
6 strips wére removed after each time period for analysis of their calciuﬁ
content. The bathing medium was chénged every minute during the first
10 min, every 5 min during the next 20 min and twice in every 15 min
' thereafter. |

The effect of reduction of extemal calcium on the slow’phése
of contraction was compared with the reduction in fhe total tissue calcium.
After 5 min, the slow phase decreased by an average of 48.2% and by 10 min
1t decreased by 61%. The fast phase decreased by only 18% at this stage.
During the same periods the total calclum concentratién of the muscles
had decreased from a control value of 1.75 mM/kg to l.4 mM/kg and 0.8 mM/kg
respectively (Fige. 6). These values were significantly different from one
another. Between 10 min and 45 min the calcium concentration decreased
very littlé, from 0.8 mM/kg to 0.67 mM/kg. This decrease was not stafis-
tically significant. The muscles were then placed in a calcium-free
medium. After exposure to this solution for 55 min the muscle reéponded‘
"~ very feebly to noradrenaline. The calcium concentration décreased by
anéther 0.22 mM/kg and this was significant at the 0.05 level.

The decrease in calclum concentration of the spleen strips
after 10 min exposure to the medium containing 0.1 mM calcium chloride
amounted to 0.95 mﬁ/kg. The spleen has an extracellular space of 22%
(determined with inulin)., If the effect of decreasing the calcium
concentration in the medium waé énly on the ektracellularncalcium but

not on the cellular depot of calcium then the decrease in the totalycal-'

clum concentration of the tissue should be only 0.22 times the decrease

in calcium concentration of the bathing medium (2.5 mM ieduced to
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Time course of loss of tissue calcium in low calcium
medium. A rapid initial decrease in tissue calcium
content occurred when the bvathing medium was changed
from Krebs-Henselelt solution (EEEEH) to one containing
only Oel mM calcium ( © ). After 45 min the bathing
medium contained no ealcium ( € ). A small further
decrease in tissue calclium is seen.
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0.1 mM = 2.4 mM), i.e. only 0.53 mM. The observed decrease of 0.95 mM/kg
in total tissue calcium content is 0,42 mM/kg more than calculated above.
This aﬁpears to be the amount of calcium losf from the cellular stores.
This was assoclated with a preferential decrease of 61% of the sléw phase
and only 18% of the quick phase. In the total absence of'externél calcium,
the additional loss of tissue calcium (0.22 mM/kg)'exéeeded the decrease

. accountable by the reduction in the calcium concentrationlbf extracellular
spé.ce (0,022 mM) by 0.20 mM/kg. This was associéted with a decrease in
the fast phase by 82% and in the slow phase by 35%.

V.  Bffect of change in external calcium concentration on the response

to high external potassium concentration

These studies were done on strips from reserpine treated cats
to avoid complications due to release of endogenous catecholamines.
These strips were exposed to a medium in which the potassium concentration
was ralsed to 90.mM by substitution of potassium for appropriéte.amounts |
of sodium chloride. A prompt increase in tension consisting of a single
| steep phase occurred. Control responses were obtained in 8 strips bathed
in Krebs-Henselelit solution. The external calcium chloride concentration
was successively reduced to 1.5 mM, 0.75 mM, 0.5 mM and O mM every 15 min.
After the muscles had remained in each of the above conéentrations of
calcium phloride for 10 min, they were challenged with the high potassium
solution contalning an identical concentration of calcium chloride. The .
résponse always consisted of a single phase. When the percentage 1@@1.
bitlon of the response to high potassium was expresséd as a function of
external calcium chloride (Fig. 7) a steep relationship was obtained be-

tween reduction in external calcium leveis and contractile force, This
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(90 mM)., Spleen strips were taken from cats treated with
reserpine, 1 mg/kg, 24 hours before the experiment.
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, fela.tionship was qualitatively similar to the relationship between decrease
In extracellular calcium and inhibition of the slow phase of the splenic
response to noradrenaline. One important difference between the responses
to the two agonlists was the marked sensitivity of the responses to potas-
sium to reduction of calcium concentrations from 2.5 mM to 1.5 mM in con-
trast to the r93ponses’to noradrenaline, where Inhibition of thev31ow
| phase was seen only when the external calcium concentration was reduced

- to 0.8 mM or less. Nevertheless it appears that potassium contractions
| énd the slow phase of response to noradrenaline utilise a similar source

or mechanism of utilisation of calcium.

VI. Dissociation of two phases of contraction produced by noradrenaline

by a calcium chelator, EGTA

In the previous experiment reduction of external calcium con-
centration from 0.8 mM to 0.1 mM preferentially decreased the slow phase.
The remaining contraction was fast and the tension was maintained.'b
Krejci and Daniel (1970b) suggested that in a calcium-free medium internal
tissue calcium may be released into a restricted biophase from which it
can Be taken.back by an uptake mechanism that is saturable at low external
calcium concentrations. Presence of a calcium chelating agent in the
external medium will prevent the reuptake of calcium if this is indeedk’
the case. Whether this would interfere with contraction could then be
:seen. |

In six experiments, spleen strips were stimulated with nor-
adrenaline (10‘6 g/ml) until consistent responses were obtained. The
second response (Fig. 8A) was obtained 15 sec after adding a calcium

chelator, EGTA (2.5 mM). An undiminished fast phase followed by a slow
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and small further increase in tension were seen. Addition of 2.5 mM
calcium chloride (a concentration normally present in‘Krebs—Hehseleit
solution) to the bath resulted in a further increase in tension which

apprdached control levels obtained in the first contraction. The latency

of the contraction due to calcium was longer than that due to noradrena-

’ 1ine. On the other hand the response appeared to reach a plateau level .
faster than in the control response due to noradrenaline. Anotﬁer dif-
ference between the response in the presence of EGTA and the response in

Krebs-Henseleit solution is that in the latter solution the slow phase

~ appeared to begin as soon as the fast phase'feached’a maximum. However,
in the presence of EGTA, there was a delay between the attainment of tﬁe
maximum of the fast phase and the commencement of a small component of .
the slow phase., This was eveh more accentuated ln the next two responses
which were obtained with noradrenaline 15 sec after addition of EGTA, 6 mM
and 15 mM. In the presence of 6 mM EGTA the fast phase waé potentiated

in 3 out of the 6 strips tested. A small depression of tension was seen |
between the fast phase and slow phase., Increase in the concentration of

EGTA was associated with a progressive decrease in the slow phase. In

the presence of 15 mM EGTA, the fast phase was still not different from
the one in the control responses The tension was not maintained and there
was no secondary increase in tension (slow phase).

The strips were then depleted of calcium by incubation in a

calciun-free medium containing EGTA (12 mM) for 30 min followed by a
further period of incubation only in calcium-free medium. The muscles

falled to respond to noradrenaline. However, without washing noradrena-
line out, when caleium chloride (2+5 mM) was added to the bath 1 min later,
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- EGTA EGTA
2:5mM 6mM 15mM

NA CaCiz 15mM

/’_—' 30sec

Figc 8-

Dissociation of fast and slow phases of splenic responses to
noradrenaline (NA). '

A. Responses to noradrenaline, 10-6 g/mls contractions in Krebs-
Henselelt solution, with EGTA and calcium chloride added as
indicated. lote decrease of slow phase and slight potentiation
of fast phase after EGTA.

B. Responses after depletion of calcium by exposure for 30 min

to a calcium-free medium and 12 mM EGTA and 15 min to calcium-free
medium. NA added now did not result in contraction; with NA still
present, CaCly 2.5 mM added 2 min later caused a single phase con-
traction with a latency greater than the latency in C.

C. Responses to NA in standard Krebs-Henseleit solution; first
contraction before, second contraction after 15 sec exposure to

EGTA, 15 mM, Note fast phase is followed by a progressive decrease
in tension. '

D. Contractions of B and C are superimposed to indicate relative
sizes of the phases, onsets and times to peak tension.
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The tension increased in an 'S' shaped fashion and the curve could not
be resolved into two components (Fig. 8B). In Fig. 8D the larger con-
traction produced by the addition of calcium in the presence of noradren-

aline has been superimposed on the smaller response (fast phase) which

was produced by noradrenaline in the same strip (Fig. 8C), in the presence
‘of EGTA (15 mM) in Krebs-Henseleit medium. The delay preéediﬁg the larger
response, which was produced by utilisation of extracellular calcium, was

greater than the delay preceding the smaller response (fast phase)

produced presumably from a tightly bound source of cellular calcium.

The response of the calcium depleted tissues to calcium, in the presence
of noradrenaline, reached a maximum much faster than the respohse of a
normal tissue to noradrenaline. It is not known whether the time taken
by a response to noradrenaline to attain a plateau level is limited by
.the,rate of attainment of an equilibrium of the amine in the vicinity of
-the alpha adrenoceptors or if the rate liniting step is oné of the subse-
quent events in the sequence of changes which result in the eventual
shortening of the contractile proteins. The response to noradrenaline

in the control tissues attained a peak level in 134 t 6 sec, However, if

- the calclum depleted tissue was first kept in contact with noradrenaline

for 2 min the subsequent response to calcium reached its peak in only .
57.6 + 342 sec. Thus it seems that noradrenaline takes longer to equili-

brate in the vicinity of the receptors than the time taken for éxtra-

‘cellular calcium to enter the tissué to activate the contractile process.
The mobilisation of the tightly bound calcium (evidenced by the fast phase)
1s an even quicker process taking an average of 4.5 ¥ 0.4 sec to reach a

maximum. Another important finding wasthat the sum of the peak of the
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CAT ISOLATED SPLEEN CAPSULE
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isometric contraction T

slow phase

250 mg.

NORADRENALINE
3x10°7 g/ml

' Fig. 9, Method of measuring slow and fast phases of response to
noradrenaline (NA). - .
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Effect of EGTA on the responses of spleen to noradrenaline
(NA) or potassium (K). o

A. Response of normal spleen strips to NA, 10-6 g/ml
before and 15 sec after EGTA. ' '

B. Responée of spleen strip from cat treated with reserpine,
1 mg/kg, 24 hours prior to K, 90 mM before and 15 sec after
EGTA, 15 mM. ' E : : _
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fast phase (the response in Fig. 8C) and the phase due to restoration of
extracellular calcium (Fig. 8B) exceeded the total contraction in thé
normal tissue (Fig. 8 B or C, 1lst contraction) by 38%. The slow phase
of the.normal response to noradrenaline is dependent upon extracellular
calcium. Hence if the contraction produced by calcium in the calciuﬁ
depletéd tissue in the presence of noradrenaline 1s.anaiogqus~to the slow
phase, then it 1is likelyvthat thé coniributidn of the fast phase ﬁo the
total tenslon induced by noradrenaline 1s less than the peak tension of
the fast phase seen early in the contraction. If one postulates that the
fast phase is a transient process then the sum of a smaller fast phase (at
the later time when the muscle has developed peak tension) and the calcium
confraction (analogous to a true slow phase) will be closer to the observed
total tension in the normal tissue. The transignt’nature of the fast phase
in the presence of EGTA supports this assumption. Hence in all succeeding
experiments, the slow phase was measured from the peak tension to the
baseline tenslon rather than to the peak of the fast phase. The measure-
ments have generally been expressed as a ratio of slow/fast phase (Fig. 9).
In another 4 tissues obtained from a reserpine treated cat,
responses were obtained with a high potassium (90 mM) Krebs-Henseleit
solution (Fig, 10B). The contractions consisted of a single phase. EGTA
(15 mM) was added to the Krebs-Henseleit medium 15 sec before changing to
the high pbtassium solution, which élso contalned the same amount of EGTA.
- A very small response was seen compared to that produced by noradrenaline
under identical conditions (Fig. 10A). This shows a smaller dependence of
‘potassium-induced contraction on tightly bpund calciume |

VII. Preferentlal modifications of individual phases of eontractlon

The results to thls point show that any change in external
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éalcium first affects the component of contractile response dependent
upon a loosely bound calcium store.: The tightly bound pool, which is
presumably intracellular, is affected later. Thié favours a model in -
which the loosely bound store is in ‘series' with the intracellular
_tightly bound calcium store on one side and the extracellular calcium on
the other side. .Ouf results do not at this stage allow any differentiatiéﬁ'A
between extracellular and loosely Bound stores. An alternate possibility
1s that the loosely bound and tightly.bouhd stores of calcium, instead of
communicating with each other and with the extracellular depot of calcium
in a series arrangement, may have independent access fo the extracellular
stores In other words the two stores may be arranged 'parallel’ to each
other. If the rates of loss of calcium from the two pools into a calcium
deficient medium are different, then the phases of contractlon dependent
on these two stores will be inhibited with different time courses as.

- seen 1n the experiments reported so far. Further experiments were done -
to find out if it was possible to modify elther phase of contraction due
to noradrenaline selectively or préferentially. Such evidence if obtain-

able would dictate against the 'series’ model of calcium stbres,

Modification of slow phase

Several divalent cations are known to iﬁterfere wifh the caléium
dependent action potentlals 1ﬁ the‘barnacle muscle fibres, manganese
chloride being one of them (Hagiwara and Nakajima, 1966). The effect of
manganese éhloride on‘the two phasés of contraction of noradrenaline was
therefore studied.

Eight strips of spleen capsule bathed in Krebsyﬂenseleit.solutioﬁ
were stimulated with noradrenaline (10'6 g/ml) until consistently equal
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Fig. 1l.  Effect of MnCl,, procaine and zinc on the phases of

contraction due to noradrenaline (NA), 10-6 g/ml.
A. Effect of MnCl,, 0.1, 0.3 and 1 mM;

B, Effect of procaine, Q.l mM3

C.  Effect of ZnCl,, 0.6 and 1 m.

Numbers above each contraction indicate the proportion
of slow to fast phases, '
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Fig. 12,

Effect of ascorbic acid on the inhibition of noradrenaline
(NA) induced response in the spleen.

A, MnClz, 1 mM added in the presence of ascorbic acid,
3 mM,

B. MnCl,, added alone.

Numbers above each contraction denote the proportion of
slow to fast phases. Note the lack of protective effect
of ascorbic acid against inhibition of responses to
noradrenaline by MnCl,,
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responses were obtained. Manganese chloride (0.1 mM) was added to the
: bathing médium and 15 min later the preparations were challenged with..
noradrenaline. After the response, the strip was washed and the con-

centration of manganese chloride increased first to 0.3 mM and then to

1 mM and the 8trip stimulated each time. Finally the strip was washed
free of manganese and tested with noradrenaline at 15 min intervals for »

’evidence of recovery. A typlcal experiment is depicted in Fig. 11A.

Manganese chloride reversibly decreased mainly the slow phase of contrac- .

tion. This was 1lndicated by a decrease in the ratio of slow to fast

phase. The total contractions decreased 17%, 48% and 69% with 0.1 mM,
0.3 mM and 1 mﬁ of manganese chloride respectively. |
Loffelholz and Scholz (1970) cautioned that inhibition by
manganese lon of responses of a'variety of tissues to adrenaline need
not exclusively be due to an effect on calcium utilisation, In fact they
showed that manganese (0.1 mM) during an observation period of 20 min
increased the auto oxidation of adrenaline approximately 3 fpld; This
effect of manganese was markedly inhibited by ascorblc acid in concentra-
tions of 1 - 5 x 107 g/ml, To test whether manganese inhibited the

splenic capsular contraction to noradrenaline by causing an increased

oxidatlion of the drug the following experiment was done. Three strips
were stimulated with norad:cena.line,(.'I'.O'6 g/ml) until the responses became

reproducible. Ascorbic acid (3 mM) was added to one bath, manganese

chloride (1 mM) and ascorbic acid (3 mM) into the second and manganese

chloride (1 mM) alone to the third bath. The response to noradrenaline
was tested again 15 min later. Ascorbic acid did not alter the response
to noradrenaline. Manganese chloride decreased the slqw phaée-markedly,
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' Fig.‘IZBa The presence of ascorbic acid in a concentration that was.
greater than that usedAin the study cited earlier, failed to decrease
the effect of manganese chloride (Fig. 12A). It seems very unlikely

- tﬁat in the short duration (3 min) during which a response to noradren-
aiiﬁe is studled, manganese ions can promote destruction of the agonist

| sufficliently to affect the response,

Modification of fast phase

Local anaesthetics have been postulated to act on smooth muscle
as membré.ne stabilisers (Peinstein, 1966). It was therefore considered.
desirable to 1nvestigatekthe action of procaine on the response to nor-
adrenaline. The experimental design was similar to that in the previous
experiment. Procaine in a concentration of 0.1 mM preferentially'decreased
the fast phase of the response to noradrenaline and conseéuéntly increased.
the ratio of slow to fast phase (Fig. 13B). Higher concentrations of
0.2 mM, 0.3 mM and 1 mM of procaine did nét further decrease the fast
phase but reduced the slow phase (Fig., 14). With high doses, 1 mM and
2 mM, procalne induced a tonic increase in tension éuperimposed on rhythmic
contractions. Procaine effects wéfe reversible« ’

Zinc chloride in concentrations of 0.6 mM to 2 mM had effects
on the fast phase similaf to those of low concentrations of procaine (Figs.
12¢, 14). The inhibitory effect of zinc was more resistant than the
inhibition due to either manganese or procaine to washout of the substance'
from the bath, Recovery of contractility after washout of the inhibltory
substances from the bath was less complete with zinc than with either

manganese or procalne.
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VIII. Effect of noradrenaline on 450a efflux in spleen eapsular

smooth muscle

The previous experiments have provided indirect evidence that

the two phases of contraction due to noradrenaline depend upon two dif-

ferent stores or mechanisms of utilisation of calcium. It was also
‘noticed that pharmacological agents could preferentially decrease one dr
the other phase of contraction. To gather more direct information about’

the above phenomenon, experiments were done to find out whether noradren-

aline affected radiocalcium release from muscles loaded with the isotope
or affected the uptake of the isotope by the muscles from the bathing
medium. Further, if any of these changes did take place, it was plénned'n
to 1nvéstigate the effect of agents which modify the phases of contfaction
‘on these alterations in radiocalcium mo§ements. |

a) Effect of noradrenaline on 450& and sucrose-l40 efflux

Spleen strips were equilibrated in Krebs-Henseleit solution at
37°C for 1 hr, They were then depleted of calcium by incubation in
calcium-free Krebs-Henseleit solution for 30 min. During the first 15 min

of this incubation, EGTA (6 mM) was also present in the bath. After this

step, the muscles were soaked for 60 min in a calcium-free Krebs-Henseleit
solution containing 2 uci of 450&012. Hudgins and Weiss (1969) have
earlier shown that the uptake of radiocactive calcium by aortic smooth
muscle was enhanced in the absence of external non-radioactive calcium.
The spleen strips, after incubation in the radioactive medium were dipped
in non-radlioactive calcium-free Krebs-Henseleit solution for 4 sec and
then passed through a series of tubes containing 2 ml of either calcium-
free or standard Krebs-Henseleit solution. The muscles were kept in.eachv
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tube for 5 min before being moved to the next one. Radioactivity remain-

ing in the tissue at the end of the experiment and the radioactivity in
the individual tubes were determined. The rate of *5Ca efflux into each
tube was obtalned by correcting for the welght of the tlssue and the
period of incubation in that tube. The rate of efflux at each interﬁal
has been depicted as a percentage of the initial rate of efflux during
the first 5 min (Fig. 15C). Efflux in the Ca-free and Ca-containing
media ha#e élso been shown as the rate of desatﬁration of tissﬁe radio-

activity as a function of time (Fig. 15A,B). For this, the tissue radio- e

activity was added to the radiocactivity in each of the efflﬁx tubes in-a
cumulative manner, The total radloactivity thus accumulated denotes fhe
radloactivity in the tissue at the beginning of the experiment. The
level of tissue radloactivity at the end of each 5 min iﬁcubation in an

efflux tube has been expressed as a percentage of the initial radio-
activity in the muscle and a desaturation curve plotted.

When the efflux was determined in a calcium-containing medium

(2.5 mM), nelther the rate of efflux nor the tissue radiocactivity due to
450&, plotted semilogarithmically as a function of time,decreased as o ii&
single exponentials, The percentage of 45ca remaining in the huscle.de- o
creased fast initlally but gradually the rate of decrease became less

(Fig. 158). The points on the curve after 35 - 40 min appear to be in a
straight line, indicating an exponential decrease (Fig. 16B2). The inter-

cept of this line with the abscissa gives the percentagelof total 450&
in the tissue that contributes to this slow efflux. The difference
between the percentage of 450a remaining in the tissue at various times

between O to 35 or 40 min ahd the extension of the slow efflux component



Fig. 15,

T % values are half times of decay of the late i

Loss of 450& from spleen stirip in 4°Ca-free or Krebs-
Henselelt solutions, ' ‘

Strips werp loaded with “5¢a in a ®ca-free medium,
Efflux of “45Ca was studied under conditions indicated
as follows:s .

A. Efflux occurred in a #0Ca_free medium. *5Ca con-
tents of the muscle at different times were plotted
as percentages of the %5Ca content at the beginning
of efflux, , :

B. Efflux occurred in Krebs-Henseleit solution.
Similar plot as in A,

C. Efflux occurred in Krebs-Henseleit solution. Rates

of efflux at different times have been plotted as per-
centages of the rate of efflux during the first 5 min,.

exponential portions of each curve.
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to the left when plotted produced a straight line it (Pig. 1€B1). Again,
the intercept of this line on the abscissa glives the percentage of total
tissue 45Ca that contributes to this fast efflux component. In about 70%
of the experiments the sum of these two components amounted to 100% of
the total tissue 45Ca. In the remaining experiments the sum of the two
components was less than 100%. The remaining 45Ca., in these experiments,
appeared to be ceming out as a very fast component that could not be
resolved clearly because the sampling interval (5 min) wes not short
enough. Obviously, if such a component does occur, it would be largely &{ﬁ
over during the first 5 min of the efflux. A quantitatively different | |
result was obteined‘when the rate of emergence of radiocactivity instead
of the percentage of total 450& remaining in the tissue was plotted in
relation to time. ‘The counts/min coming out into the ﬁedium during the
first 5 min of efflux were considered 100%. All the subsequent radio-
activity in counts/min coming out into the medium at 5 ﬁih intervals were
expressed as a percentage of the initial rate. The resulting curve again
was not a single‘exponential function. However, like the earlier curve
showing 'desaturation' of tissue 5Ca the rate of efflux also decreased
less steeply and in an exponential fashion after 40 min._ The slope of
this slower component was not parallel but steeper than_the slope of the
slow component of the desaturation curve.

‘When desaturation of tissue 4503 was measured in a calcium-free

medium, the rate of loss of radioactive calcium was markedly decreased
and an appreciably greater fraction of tissue became available to the
slow component (Fig. 16A1,A2),

In a total of 10 tissues each, in calcium-containing or calcium-



Fig. 160

Efflux of *5Ca from spleen strip in the presence or
absence of 40Ca in the medium.

Spleen strips were loaded with “'5Ca in a L"Oca-free-
medium., Efflux was then conducted in a 40Ca-free
medium ( ® ) or in Krebs-Henseleit solution ( © ),
The radloactivity remaining in the strips (expressed
as a percentage of the initial radiocactivity in the
strips) is plotted as a function of time. The last
parts of the two curves (A, and Bz) are exponentials
with half times of 71 and 1%6. 5 min respectively and
they met the ordinate at the 66% and 31% marks,
Subtracting the difference between the points on these
straight lines from the points on the earlier parts
of the initial curves gave 2 sets of points,(e and x )
which also fell on 2 straight lines (4) and B;) having
half times of 7.5 and 4.3 min respectively. Ay and
B) met the ordinate at the 34% and 48% marks respec-
t}vely- R
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free medium the following measurements were obtained.

In a calcium-free mediums

half time of decrease in slow component of desaturation =

half time of Aecrease in fast component of desaturation
| 7.2 ¥ 0,6 min

compartment size of slow component = 67,8 £ 6,14  and

compartment size of fast component = 32.2 ¥ 4;7%.

In a calclum-containing mediums

half time of decrease in slow component of deséturation =
44 T 4.8 nin
half time of décrease in fast component of desaturation =
6 ¥ 0.4 min’
compartment size of slow component = 32,3 + 5.8% vand
compartment size of fast component = 49.7 Y 6.2%
The sum of the fast and slow compartment sizes was 82%. The

remaining 18% of the total tissue radloactivity appeared to come out very

early during the efflux. It could not be satisfactorily resolved due to
the sampling intervals not being less than 5 min apart.

Thus it can be seen that an appreciable fraction of radioactive
calcium that is bound to the muscle in a calcium-free medium is released

in the presence of non-radiocactive calcium.

To study the effect of noradrenaline on the efflux of *5a,
the tissues were loaded with radiocactive calcium in the same manner as
described before. The efflux was carried out for 5 miﬁ‘ea¢h for a total
of 75 min in a series of tubes containing 2 ml of Krebs-HenSeleit solution,

Noradrenaline was present in the tube in which efflux occurred between



Fige 17, Effect of noradrenaline on 450a efflux from spleen

strips. Strips were loaded with *5Ca in a 40Ca_free
medium and efflux conducted in Krebs-Henseleit solution.
Every 5 min the strips were moved to fresh medium,
Radiocactivity coming out into each sample was ex-
pressed as a percentage of the radiocactivity measured
during the first 5 min of ¥5Ca-efflux and plotted as
a function of time., Noradrenaline (NA) was present
from the 50th to 55th min and resulted in an increase
in efflux, The efflux rate in the absence of NA (x)
was obtalned by calculating a linear regression of
all the data points between 35 and 80 min excluding
those obtained between 50 and 60 min.
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the 45th and Sofh min, The rates of afflux were converte¢ to a percentage
of the rate during the first 5 min of efflux. Since the last 35 min of
the efflux curve was linear on a semilogarithmic plot, a stralght line
was drawn to fit all the data points between 40 and 75 min inclusive ex-
cept the ones between 45 and 55 min. The expected efflui‘ rate at the 50th
minute was compared with the actually observed rate. The latter was in-
creased by 130.2 £ 9.8% by noradrenaline compared to the expected rate
of efflux (Fig. 17). This difference was highly signi‘ficant statistically
(p<0.01). |

In another control experiment, four 5pleen-stripé were equili-
brated in Krebs-Henseleit solution for 60 min and then in 10 ml of Krebs-
Henseleit solution containing 1 g of »sucrose-luc»for 30 min. Sucrose
is believed to be largely distributed in the extracellular space. The
. Birips were then dipped for 4 sec in a non-radiocactive medium and efflux
for 3 min each was‘performed in a series of 10 tubes containing Krebs-
Henseleit solution. The percentage of the initial radioactive sucrose
present 1n the tissue when plotted semilogarithmically against time de-

creased non-linearly except during the last 15 min (Fig. 18). This slow

efflux occurred from a compartment that was only 10.8% of the total

sucrose-140 content of the tissue., The remaining 89.2% of the isotope
washed out very rapldly with a half time of 1.8 min compared to a half

time of 36 min for the slow component. The sucrose coming out in the

fast component of efflux is most likely that coming from the extracellular
space.
To test whether the observed increase in 450& efflux in the

presence of noradrenaline is due to a change in extracellular volume with



Figt 18.

Efflux of 1%C-sucrose and effect of noradrenalines

Strips incubated in Krebs-Henseleit medium were

loaded with 14C-sucrose and then washed in non- e
radioactive medlum for 30 min., The bathing medium i

. was changed every 3 min, The radioactivity remaining

in the tissue (expressed as a percentage of the initial
radiocactivity in counts/min) was plotted as a function
of time ( ® ). The resulting curve was a sum of two
exponential functions. The slower one consisted of
10.8% of the total tissue radioactivity and decreased
with a half time of 36 min, whereas the faster one

X ) consisted of 89.2% of the total radicactivity
and had a half time of 1.8 min. '

The inset shows the result of a similar experiment.

The rate of efflux (counts/min during any given 3 min
period of efflux) is expressed as a percentage of the
rate of efflux during the first 3 min, Noradrenaline
(NA), 5 x 10-6 g/ml, was present between 21 and 24 min,
Unlike #5Ca efflux, no increase in efflux of 14C-sucrose
was seen after noradrenaline, R
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a consequent displacement of extracellularly present radiogalcium into

the bathing medium, three muscle strips were loaded with sucrose-luc and
efflux begun as in the previous experiment., Noradrenaline was present in one
of each set of tubesbetween the 15th and 18th min. No significant increase

in radioactivity in the medium was observed (Fig. 18 inset).

b) Modifiéation of noradrenaline induced increase in 45Ga efflux
The increase in 45Ga efflux due to noradrenaline appears to be

due to a true mobilisation of intracellular calcium, especially since
most of the rapidly emerging calcium had already left'the'tissue before
noradrenaline was added., In the next series of experiments it was tested
whether the increase in efflux was due to blogkade of alpha-adrenoceptors
or due to some unspecific phenomenon. As seen in the previous experiment,
the increase in efflux of ¥5Ca with noradrenaline (5 x 10'_‘6< g/ml) was
130.2 * 5.8%. In another 10 tissues the effect of a smaller dose of nor-
adrenaline (5 x 1077 g/ml) was studied. A third group of 5 tissues was
pretreated with the alpha-adrenoceptor blocking agent phentolamine
(5 x T g/ml) during the first 45 min of efflux and the tissues were
then exposed to a simllar concentration of phentolamihe and also nor-
adrenaline (5 x 10~ g/ml) between the 45th and 50th minute. Percentage
increases in efflux were determined as described earlier and compared
with those due to the two concentrations of noradrenaline in the absence
of the blocking agent. As can be seen in Fig. 19, the increase in efflux
of 45Ca with a smaller dose of noradrenaline was smaller (67.4 t 7¢3%)
compared to the response with the higher concentration (130.2 % 5,8%).
This difference was statistically significant at the 0.0l level. Phen-

tolamine reduced the response of the higher concentration of noradrenaline
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Effect of phentolamine on the increase in *5Ca efflux
from spleen strips caused by noradrenaline (NA).

Spleen strips loaded with ¥5Ca in a #0Ca-free medium
were effluxed in Krebs-Henseleit solution and moved to
fresh medium every 5 min. Radlioactivity (counts/min)
vwas measured in each sample of medium. Presence of NA
(5 x 10~6 g/ml) in the medium between 50 and 55 min
increased efflux more than NA (5 x 10-7 g/ml). In the
presence of phentolamine (5 x 10-6 g/ml) the increase
in efflux with the higher concentration of NA was reduced
to equal that due to the smaller concentration of NA in
the absence of phentolamine, .

\
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to a smaller value of 72.2 I 10.5%. This was significantly different
(p< 0.01) from the control response. There was no statistically signi-
ficant difference between the response obtained with noradrenaline
'( 5 x 1077 g/ml) and that due to the higher concentration (5 x 10~6 g/m1)
of the same in the.presence of phentolamine.

In the previous studies on the pharmacological'modifications
of the two phases of contraction due to noradrenaline it was found possible
to preferentially block the loosely bound calcium dependent slow phase
with manganese chloride and the tightly bound calcium dependent fast phase
with zinc chlqride or procaine. It was therefore considered of interest
to study the effeéﬁ of these agents on the increase invnSCa efflux caused
by noradrenaline.n

Three groups of 5 tissues were loaded With L’§Ca as in the
previous experiments. They were then washed out in a series of tubes
containing 2 ml Krebs-Henseleit solution and manganese chloride (1 mM) or
zine chloride (4 mM) or procaine (0.5 mM). Noradrenaline (5 x 10-6 g/ml).
was present in addition in the 10th tube between the 45thvand 50th min
of washout. Percentage increases in efflux due to noradrenaline were
calculated and ane shown in Fig. 20. Manganese chloride”reduced the nor-
adrenaline responee to 114 * 13.3% which was statisticeilyinot'signifi—
cantly different from the control at the 0.05 level. On the other hand
procaine and zinc cnloride caused the noradrenaline response to decrease
to 70.66 12.14% (;§< 0.05) and 41.4 T 12,32 (p<0.01) respectively.
Thus there appears to be a correlation between the abilipy of agents
which inhibit the fast phase of the contractile response of spleen capsu-

lar smooth muscle and their ability to decrease the effect of noradrenaline
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Fige 20. pffect of MnCl,, procaine and ZnCl, on the increase in

Ga efflux from spleen produced by noradrenaline,

Spleen strips loaded with 450& in a AOCa-free medium
were effluxed in Krebs-Henseleit solutlon alone or in
Krebs-Henseleit solution containing MaCly (1 mM) or
rocaine (0.5 mM) or ZnCl, (4 mM), Noradrenaline

5 x 10=6 g/ml) was present in the media between the
50th and 55th mins

A, Percentage increase in rate of 45Ga efflux in control
strips due to noradrenaline,

B. Same in the presence of MnCl,.
Cs In the presence of procaine s

Do In the presence of ZnClz.
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in releasing calcium from a slowly emerging compartment of radiocactive
calciunm,

c) Bffect of manganese chloride and procaine on the increase in

QSCa efflux promoted by 400&

In thése experiments 3 groups consisting of 10 tissues each
were loaded with 45Ca in the same manner as in the previous experiments,
Five tissues frbm the first group were incubated in a calcium~-free Krebs-
Henseleit'mediumvand the non-radiocactive medium was cﬁagged every 5 min
for 80 min. The remaining 5 tissues were incubated in a calcium-free : s
medium for 50 min and in normal calcium Krebs-Henseleit medium from the. N
50 min to the 80 min. The incubation medium was changed every 5 min.

At the end of the‘experiment the 450& contents of the tissues were measured
and the cumulative sum of efflux of 450& into the incﬁbation medium at

the end of each'j min period was determined. The 45Ca;remaining in the |
tissue after different times were plotted semilogarifhm_icauy.' In a
typical experimént shown in Fig. 21, the radiocactivity in the tissue
declined at the saﬁe rate in both subgroups of tissues. In the suﬁgroup
that was incubated throughout in calcium-free medium, the decline in

tissue radioactivity became an exponential function after 30 min., In the
other subgroup of tissues, in the presence of external calcium (2.5 mM),

a greater décreaée in the tissue 45Ca was observed. The residual 45Ca

in both groups of tissue at the end of 80 min was measured and the further
decrease in tissue 450a due to addition of ”Oca Wwas expressed as a per- ?;i
centage of the 450a_remaining in tissues not exposed to calcium. After
2.5 mi of *Ca, the tissues contained only 45,3 % 2, 35%;of the *5ca that

was present at that time in untreated tissues.
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Effect of MOCa on the efflux of 456& from spleen strips.
Two sets of strips loaded with 4502 in a MCa-free medium
were incubated in a 400a-free medium and changed to a new
medium every gomin for 50 min ( @ ). One group then
continued in "YCa~-free medium ( ® ) and the other was
transferred every 5 min to a new tube containing Krebs-
Henseleit ( @ ) solution. Radioactivity remaining in
the tissue (expressed as a percentage of the initial
radicactivity in the tissue, counts/min) was plotted as

a function of time, The increased loss of “5Ca in the
presence of ““Ca is noticeable,
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Similar experiments were done in which procaine (0s5 mM) or
manganese chloride (1 nM) were added to each of the tubes in which efflux
occurred. Addition of 400& (2.5 mM) resulted in virtually no change in
the effect of 400a on the residual 450& content (48,1 : 1.72 p>0.05) in
manganese chloride" ‘treated tissues. In procaine treated tissues there
was a slight though non-significant decrease in the effect of 400&. The
decrease in 45Ga level was 41,3 % 2,49% of the residual level in the
absence of external aoca.

These results show that the fraction of 45Ca. which exchanges
with 4OCa. does not behave in the same way towards procaine or zinc chlor-
ide as the fraction of uSCa which is released by noradrenaline,

IX. Effect of noradrenaline on calcium influx in spleen capsular

smooth muscle

The slow phase of contraction due to noradrenaline was found to
be more sensitive than the fast phase to changes in external calcium
concentration. It was therefore considered necessary to find out if an
influx of extracellular calcium occurred when the capsular smooth muscle

was stimulated with noradrenaline.

a) Effeci of noradrenaline on total calcium concentration
Twelve spleen strips were incubated in Krebs-Heﬁseleit solution
for 1 hr. 6 tissues were stimulated with noradrenaline ( 5 x 1070 g/ml)
for 5 min, after which all the muscles were blotted gently. Wet and dry
welights and total tiésue calcium were determined. The untreated strips
had a calcium content of 1.91 ¥ 0,266 mi/kg wet weight and a tissue water
content of 80,33 f»0.23%. The tissues made to contract with noradrenaline

showed little change in these values, having a calcium concentration of
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2.14 T 0.33 nM/kg wet weight and a water content of 79.42 t 0.28%. These
changes were not statisticaliy significant.,

b) Effect of noradrenaline on 45Ca influx

TenASPIeen strips were incubated for 1 hr in Krebs-Henseleit
solution. They were then divided into two batches and transferred to two
beakers each containing 10 ml of Krebs-Henseleit solution.and 4 uCi of
45cacl After 1 min noradrenaline (5 x 1070 g/nl) was added to one beaker
and a similar volume of Krebs-Henseleit solution added to the second beaker.
3 min later the strips were taken out, blotited, weighed and ashed at 600°C
in a muffle furnacé. The ash, dissolved in a 1% solution'of lanthanum
chloride in 5% hydrochloric acid was counted and the'couﬁfs/min/g wet
weight of tissﬁe‘was calculated., Similarly the counts/min/ml of the radio-
active incubation ﬁedium were also determined. The iadioactive calcium
space in the tissue was obtained by dividing the counts in the tissue by
the counts in the medium.

The 450a-8pace in the unstimulated tissue was. 0.95 * «09 whereas
the space in theftissue stimulated with noradrenaline‘was“0.96 t 0.10.

The difference between the spaces in the two groups of tissues was not
significant at the 6.05 level.

In another experiment 10 tissues were first incubated in Krebs-
Henselelt solution for 60 min., Five tissues were first made to contract:
with noradrenaline (5 x 10-6 g/ml) for 1 min and then 4 uCi of 45c:axc12
was added to the bathing medium (volume 10 mi). The seéond group of 5
tissues was exposed to a similar radioactive bathing medlum but not to
noradrenaline. After 4 min, both sets of tissues and media were analysed

for radicactivity. The 45Ga space In the tissues stimulated with nor-
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adrenaline before and during the presence of radioactiva calcium had a
Space of 0.91.1_0.15 while the unstimulated control had a 45Ca space of
0.96 ¥ 0,11. Again the difference between the two spaces was not signi-
ficant.

Since no measureable effect of noradrenaline on total tissue
calcium or 45Ca influx was observed, further studies with agents such as
manganese chloride which affect the slow phase of contraction due to nor-
adrenaline were not carried out,

X Study of functional interrelationship betwaen multiple calcium stores

The results so far show that preferential modification of either
phase of splenic smooth muscle response to noradrenaline is possible.
This will suggest that the two different calcium stores or mechanisms in-
volved in their'utilisation can function independently and can therefore
be considered to be arranged in a 'parallel' fashion, However, it was
seen during the,pievious experiments that when high concentrations of the
smooth muscle inhibitors were employed, both phases of contraction Wwere
diminished evenvthoﬁgh one phase may have been affected more. This suggests
that either the chemical agents employed are somewhat unspecific as regards
their site of inhibitory action or that the two stores of calcium or the
different mechanisms of utilisation of calcium from these stores are not
completely independent. The following experiments were done to find out
whether an alternative arrangement in which the calcium stores besides
providing calcium to the contractile machinery by independent mechanisms
or pathways also interacted in series, e.g. it is possible that the tightly
bound calcium pool may derive its calcium from the loosely bound pool and
the contractile machinery its calcium from the two pools independently.
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Such an arrangement could be considered as a 'series-parallel’ arrangement.

a) Effect of manganese chloride on noradrenaline induced response

of normal spleen strips and on restoration of responses to

noradrenaline by calcium chloride in calcium depleted strips

In a previous section it has been shown that manganese chloride
preferentially deCreases the slow phase of contraction gf spleen induced
by noradrénaline, this being suggestive of an effect onjfhe loosely bound
store of calcium;-'In this series of experiments, the abdve decrease was
measured quantitatively. Further, it was seen that aftef the strips wére
depleted of calgium both phases of contractile responses to‘noradrenaline
were abolished, suggesting depletion of both the tightly and the loosely
bound stores of calcium. The responses were restored fully on repletion
of the stores with calcium chloride. If the tightly bouﬁd pool is replen~
ished via the iobsely bound pool then manganese should be able to reduce
the size of the fightly bound store after the above proce&ure. Consequently
replenished tissues should have a smaller fast phase in the presence of

manganese chloride than normal tissues. On the other hand if the tightly

bound store refills by an independent route then there should be no Gif-

ferences in the magnitude of the fast phases in the two situations.

In each of five experiments, four spleen strips, incubated in
Krebs-Henseleit solution, were tested with noradrenaline (10-6 g/ml) until

the magnitude of the fast and slow responses became reproducible. Two of

the strips were then depleted of calcium by exposure to calcium-free Krebs-
Henseleit solution containing EGTA (15 mM) for 20 min and then only to

calcium-free Krebs-Henseleit solution for an additional 10 min. Noradren-

aline (10"6 g/ml) failed to produce contraction in the najority of strips
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tested. The reéidual contraction in some strips disappeared after an
additional 15 min exposure to the calcium-free solution.A The other two
strips in Krebs;HEnseleit solution were stimulated w;th noradrenaline
every 15 min. Manganese chloride (1 mM) was added to one strip immersed
in Krébs-Henseleit'solution and to the other strip in calcium-free solu-
tion. Five minutes later calcium chloride (2.5 mM) was added to the two
baths containing calcium-free solution. Fifteen minﬁtes after addition

of manganese chloride, all four strips were challenged with noradrenaline.
The response of the tissue that was in Krebs-Henseleit solution and had
not been treated with manganese chloride remained unchanged. The tissue
that had been depleted of calcium but was not given manganese chloride
recovered very'neérly to the level seen at the begiﬁning of the experiment.
In Fig. 22, it can be seen that the tissue which was'éiven manganese chlqr-
ide while bathiné in Krebs-Henseleit solution showed a'pfeferential
decrease of the slow (53.9 t 5.6%) compared to the fast phase (29.5 t 5.2%).
This difference was highly significant (p<0.01). Noradrenaline response
in the tissue depleted of calcium but which was refiiled with calcium
chloride in the‘présence of manganese chloride also improved but was dif-
ferent from the similar tissue not treated with manganese chloride. The
manganese chloride treated tissue after being refilled with calcium chlor-
ide showed similar inhibition of slow and fast phases (56.2 % 6.8% and
56425 * 6.7% respectively). The inhibition by manganese chloride of fast
phase in the 'refilled’ tissue was significantly (p<0.0l) greater than

in the tissue in which the calcium stores were already filled. The dif-
ference in inhiﬁition of slow phase in the two sets of tissues, however,

was not significant at the 0.05 level,
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Fig. 22, Effect of MnCl, on normal spleen strips and on the repletion
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of calcium stores in depleted strips.

The first and third bars denote the percentage‘inhibition of

slow and fast phases of response of normal spleen strips by
MnCl, (1 mM).

Another set of spleen strips were first depleted of calcium

in a Ca-free medium containing EGTA, 15 mM for 20 min and then

in a Ca-free medium alone for 10 min., The strips did not respond
to noradrenaline, 10-6 g/ml., CaCl, (2.5 mM) was then added in
the presence of MnCl, anc. responses to noradrenaline obtained.
The slow and fast phases of responses to noradrenaline after

this procedure expressed as a percentage of the slow and fast
phase in the same strips before depletion of calcium are shown:
in the second and fourth bars. The differences between the

first and third and the third and fourth bars are highly signi-
ficant (p<0.01). ‘
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Theéé results indicate that manganese affects the utilisation of
tightly bound calcium from intact stores less than looSéij bound calcium.
However, when both stores are depleted, it also affects the refilling of
the tightly bouﬁ& pool or its subsequent availability for producing the

fast phase.

b) Effect of substitution of strontium chloride for calcium

chloride on the responses to potassium chloride and noradrenaline

Hudgins (1969) reported that after responses{of rabbit aortic
strips to noradrenaline and potassium had been nearly abolished by incubating e
the.muscle in a calcium-free medium, substitution with Bariumvor strontium
chloride restoréd the responses to potassium more andAfoan longer time
than those due to noradrenaline. Similar results for barium have been re-
ported by Hinke (1965). The mechanism of this unequal restorative effect
of barium and strontium on contractions produced by nqradrenaline and
potassium chloride is not clear but this evidence has been considered by
Daniel (1965) to indicate that the calcium pools, differentially mobilised
by noradrenaline or high potassium levels,are in parallel.

Experiments were done to find out first of all if there was a

differential effect of strontium chloride in restoring the responses of

the spleen strip to noradrenaline and potassium which had been abolished
by calcium depletion; Barium could not be used in this‘study because it

causes marked contracture of the spleen. Strontium on the other hand has

very feeble effects which develop far too slowly, compared to the required
duration of observation of responses in this study. In six experiments
pairs of spleen'sttips obtained from reserpine treated cats were first

stimulated with the two agonists in Krebs-Henseleit solution. Noradrenaline
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(lO g/ml) was used for one strip in each experiment and high potassium
Krebs-Henseleit solution (ke1 90 ‘mM) for the other, Noradrenaline responses
had a fast and a slow phase whereas only one phase could be observed in

the response to hlgh potassium. After reproducible responses were obtained
with the two agonists, both tissues were repeatedly washed with a calecium-
free Krebs-Henseleit solution for 45 min, The strips now failed to respond
to high potassium (Ca-free) medium (Fig. 23aB) tut noradrenaline still
produced a small resPonse. Fig. 23C,B shows that the slow phase of the
response to noradrenaline after calcium depletion was only 5.49% of the
control slow phase whereas the fast phase was 12, 07% of the control. The
nuscles were washed free of agonists and strontium chloride (3 mM) was
added to the calcium-free bathing media. Responses to high potassium were
obtained with high potassium (Ca—free) bathing medium to which strontium
chloride (3 mM) had been added. Noradrenaline was also tested in the
Ca-free Krebs-HenSeleit medium in the presence of Strontium'chloride.

As can be seen in Fig. 23 and 244, the response to high potas-
sium was restored by strontium chloride appreciably., The response to high
potassium now showed two distinct phases and resembled the responses nor-
mally obtained due to noradrenaline. Repeated stimulation at 15 min
intervals with high potassium produced a small preferential decrease in
the fast phase after five to six responses. Exposing the tissue to a
ca101um-free solution, containing EGTA (15 mM) for ten ninutes Tollowed
by a 5 min period during which EGTA was washed out and strontium chloride
replaced resulted in a decrease in the response to high potassium (23. 23%
of control) This lew response was significantly different (p<0. 01) from
the response to high potassium in Krebs-Henseleit solution ‘containing
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Lje 23  Effect of JrCl, on the Ciminished responses of reserplne treated

(%)

spleen to KCl and noradrenaline in calcium~free mediume

A. Control response to KCl or slow or fast phase of noradrenaline
induced contraction in Krebs-Henselelt medium.

Responses to potassium chloride
B. Response to KG1 (90 mM) in Ca-free mediunm.
C. Kesponse to KC1 in Ca-fres medium containing SrCl, ( 3 nM)

D. Response to KCL in Ca-free medium containing SrCl, ( 3 mM)
after brief exposurc to EGTA (15 mM). '

E. Response of the tissue to KC1 in Ca-free. SrCl? containing
medium after brief prior exposure to Ca (2.5 mM) followed
by exposure to Ca-free medium until responses were abolishead.

Responses to noradrenaline, 10-6 g/mls slow (hatched bars) and
fast (ovpen bars) phases

B, In Ca-free medium.
Ce In Ca-free medium after addition of 5rCl, to Ca-free medium,.

D, Tachyphylaxis after four contractions.
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Substitution of strontium for calcium,

A. Response of reserpine treated spleen to KG1, 90 mM,
added as indicated, in Krebs-Henseleit solution ( @ )
was markedly decreased in calcium~free medium ( ® ),
After addition of SrCl,, 3 mM, ( == ) the first respouse
showed recovery of amp%itude and two phases, The next 2
responses at 15 min intervals showed little change, but
the 7th response after 105 min in SxrCl, was diminished,
The intervening responses are not shown.

B Respunses to KC1, 90 mM, in Krebs-Henseleit solution.
Srclz, 3 mM, added as indicated, had no effect on the
response,

C. Response to noradrenaline, 10~ g/ml, (NA) in Krebs-
Henselelt solution, followed by diminished response in
Ca-free solution. Addition of Srclz, 3 mM, resulted in

partial recovery which was reversed on removal of SrCl,
from the Ca-free mediwm,
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strontium chloride, before the addition of EGTA. The strip was then
exposed for 2 min to calcium chloride (2.5 mM) and the_étrip again
restored to calcium-free solution until the response tb high potassium
was abolished. Strontium chloride was added to the calcium-free medium
and the response to high potassium that was now obtalned was 51gniflcant1y
greater (43.21%) compared to 23. 23% after EGTA (p<O. Ol)

In another experiment (Fig. 24B) a single phase response to
high—pntassium in Krebs-Henseleit solution was first obtained. The solu-
tion was then waShed out and strontium chloride (3 mM) was added to the
standard Krebs-Henséleit solution bathing the muscle. Afier 20 min the
muscle was challenged with a high-potassium Krebs-Henséleit solution that
contained strontium chloride (3 mM). No difference was seen in the con-
traction due to this solution and the previous one. Thus the conversion
of a single phase high potassium contraction into one with two phases is
not an effect of strontium alone but needs the absence of external calcium.

Compared tn high potassium the noradrenaline responses which had
decreased in the calcium-free medium Were restored from 12.07% (fast phase)
and 5.49% (slow phase) to only 43.94% (fast phase) and 32. 37 (slow phase)

- of the original response in Krebs-Henseleit solution in the presence of
strontium chloride (Fig. 23bC and 24B). Strontium restoied the noradren-
aline response much less than the high potassium response (p<0.01) an

the restored noradrenaline response exhibited ta.chyphyla.xis (Fig. 23bD) .

The response of spleen to potassium chloride is more sensitive
to reduction of external calcium than the fast phase of noradrenaline
response. This was tested in the following manners: Spleen strips incu-

bated in Krebs-Henseleit solution first stimulated with high potassium
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Fig. 25.

Effect of strontium on the response of reserpine treated
spleen to KCl in a Ca-free medium.

Response due to KC1, 90 mM, (1lst response) in Krebs-
Henselelt solution ( @ ) was markedly reduced when EGTA,
15 mM, was added 15 sec before KC1 (2nd response)., In a
Ca-free medium ( ® ) the response to KCl was abolished
(3rd response)s In the presence of SrCly, 3.mM, ( == )
the KCl response was restored (4th response) and had 2
phasess EGTA reduced the restored response less (5th
response) than the response in the presence of calcium

(2nd response). Note the progressive decrease in the
restored response (6th response).
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solution at 15 min intervals to obtain control responses. EGTA (15 mM)
was added to the Krebs-Henseleit solution and 15 sec later the strip was
tested by replacing the bathing medium with the high potassium Krebs-
Henseleit solution containing EGTA (15 mM). As seen in Fig. 25, a marked
reduction in th¢ response to high potassium solution occurred. The strips
were then bathed for 5 min in Krebs-Henseleit solution and then in calcium-
free K:ehs-anseléit solution until a Ca-free high potassium medium did
not produce any contractions Strontium chloride (3 mM) was then added to
the Ca-free Krebs—anseleit medium and a response was obtained with high
potassium, Ca-free, medium containing strontium chloride. Fifteen minutes
later a similar procedure was done except that EGTA (15 mM) was added to
the calcium-free,-Sr012—containing, Krebs-Henssleit soiution 15 sec before
the test and also added to the high potassium test solutions. The response
to potassium was larger (280%, p<0.05) in this case than the one in the
absence of strontium in the external medium,

These results indicate that unlike normal strips, a part of the
response to high potassium which is restored by strontium chloride in

calcium-depleted strips, is dependent on a tightly bound pool of calcium.

It is also likely that strontium itself can substitute for calcium for
activating the contractile mechanism directly. The relationship of extra-
cellular strontium and the tightly bound calcium store seems to be of a
'series~parallel® type.

XI. Effect of smooth muscle relaxants on the two phases of contraction

due to noradrenaline

Several drugs decrease smooth muscle activity and are considered

as smooth muscle relaxants. Their therapeutic applicati§ns range from
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hypertension and angina pectoris, to spasitlic conditions of the gastro-
intestinal tract. The sites of action alsc vary wldely; for example
even among agents acting on vascular smooth muscle some act more on arter-
lolar muscles while others possess effects on the venous bed as well.,
The effects of a variety of smooth muscle relaxants on tﬁe two phases of
contraction prodﬁced by noradrenaline were therefore studied to find if
qualitative differences existed among these agents insofar as their effect
on various stores §r mechanisms of utilisation of caleium was concerned.
Considerable differences were found between different smooth muscle re-
laxants in their ability to decrease the two different components of the
response of spleen to noradrenaline. The experimental design consisted
of initial testing of the spleen strips with noradrenaline (10~6 g/ml) at
15 min intervals until the responses became consistent. The smooth muscle
relaxant under study was then added to the bathing medium and the muscle
stimulated with noradrenaline in the presence of the test substance, If
no change occurred, the concentration of the test suﬁs&ance was increased.
This was done till a clear change in the response to noradrenaline occurred.
The smooth muséle relaxant was then washed away and recovery of the muscle
from inhibition was followed. Three to five experiments were done with
each substance, and in the following description the figures are typical
of the results obtained in the majority of experiments with each substance
being tested.

a) Agents preferentlally affecting the slow phase of

response to noradrenaline

Diazoxide is an antihypertensive agent having a preferential

effect on arteriolar smooth muscle in comparison withfvenous-smooth muscle
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(Rubin et al., 1963). It has been shown to be a competitive antagonist

of calcium in the rat aorta (Wohl et al., 1967). In the spleen, és can

be seen in Fig. 26A, dlazoxide (10~7 and 3 x 10~* g/ml) caused a prefer-

entlal decrease in the magnitude of the slow phase in response to nor-

"adrenaline (10‘6 g/ml). This was indicated by a decrease.iﬁ'the ratio of S
slow to fast phases. The inhibitory action of diazoxide could be removed

by washing the drug out.

A similar result was obtalned using clonidine, 5 x 10-5, 10-7
and 5 x 10-7 g/ml (Fig. 26B). This drug is also a new antihypertensive
believed mainly to have a central site of action (Nayler et al., 1968)
although there is some evidence of a peripheral site of action too (Larbi -
and Zaimis, 1970).

b)  Agents preferentially acting on the fast phase of

response to noradrenaline

Unlike diazoxide or clonidine, addition of sodium nitfite,

6 and 6 x 10-6 g/ml (Fig. 26C), aminophylline, 3 x 107% g/ml

3 x 10~
(Fig. 27a), chlorpromazine, 10~9 g/ml (Fig. 27B), papaverine, 3 x 10~0

and 5 x 10~% g/ml (Fig. 27C) resulted in a preferential decrease of the

fast phase of contraction. The effect of sodium nitrite on the vascular
system differs from that of dlazoxide in that this drug has a greater
effect on the venous capacitance bed (%blad and Mellander, 1963). Chlor-
promazine is a smooth muscle depressant under experimental conditions

(Godfraind and Kaba, 1969), aminophylline has a generalised smooth muscle

relaxing ability and papaverine besides being a smooth muscle relaxant is
also an inhibitor of oxidative phosphorylation (Perrari and Carpenedo,‘
1968).



Fig- 27.

Effect of aminoglvlline, chlorpromazine (CPZ) and

papaverine (PAP) on the phases of contraction due to
noradrenaline (NA), 10~6 g/umi,

A. Effect of aminophylline, 3 x 10-% g/ml;
B. Effect of chlorpromazine, 10~9 g/ml;
C. Effect of papaverine, 3 x 10~6 and 5 x 10% g/n1,

Numbers above each contraction indicate the proportion
of slow to fast phases. o
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XII. Effects of substrate depletion on two phases of contraction

of spleen strips

Metabolic energy ls required not only for the work performed
by the contractile proteins but also for maintaining the integrity of the
cell membrane and for driving the various active processes that maintain
* the homeostasis of cells. Accordingly, the effect of substrate (glucose)
depletion on the contractility of fhe spleen was studied. Spleen strips
were first‘étimulated in Krebs-Henseleit solution with noradrenaline
(3 x 10-7 g/ml) every 15 min until the responses became constant. The
muscles were‘then exposed to a Krebs-Henseleit medium from which giucose
had been removed. No substitution was made to maintain normal osmolarity
of the medium; The muscle continued to respond to noradrenaline for 30 - 60
min without any change in contractility or in the ratio of slow to fast
phases. After this or earlier if the muscle was stimulated for 5 min with
a high concentration of noradrenaline (10~% g/ml), there was a preferential .
deciease in the fast phase as well as a decrease in total active tension
in 3 out of 5 experiments (Fig. 28A). After prolonged absence of glucose
(2 hr or more) both phases were similarly decreased. On returning the
strips to a glucose containing:medium, the contractility retumed to normal.
| Since there was considerable scatter in the trend and magnitude
of change of the fast and slow phases in the absehce of giucose no attemﬁt
was made to analyse in detail the effect on the two phases. However, in
a further series of experiments spleen strips were first exposed to the
substrate free medium until confractility was diminished. After this a
series of metabolic intermediates were tested for their ability to restore

the splenic responses to noradrenaline. Fig. 28B shows a typical response
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‘Fig. 28, Effect of substrate depletlion on slow and fast phases of contraction

due to noradrenaline.

Contractions of spleen strips to horadrenaline, 10-6 g/ml, (NA).
Numbers above the records indicate the ratio of slow to fast phases.

A, After responding to NA in Krebs-Henseleit solution (KH) the stri
was repeatedly stimulated in a glucose-free medium (glucose-free K-H).
After 45 min there was a preferential decrease in fast phase but 30
min later both phases were nearly equally affected. Restoration of
glucose (KH) reversed the inhibition of tension production.

B, After a response to NA in K-H medium the strip was exposed to
glucose-free K-H medium, . Decrease in tension and preferential _
decrease in fast phase was seen. Addition of sodium pyruvate restored

"the response to NA. Removal of pyruvate resulted in inhibition of

actlve tension production.
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to sodium pyruvate (5 mM). It can be seen that the response to noradren-
aline recovered to near normal level and was depressed again when pyruﬁate
. was withdrawn. This result suggests that the Krebs cycle can provide
metabolic energy'for contraction of the spleen. Similar restorative
‘effects were seen after oxaloacetate (5 mM) and sodium acetate (5 mM).

On the other hand succinate (5 mM) and citrate '( 5 mM) failed to reverse
the inhibitory effect of glucose deprivation.

XIII. Effects of altered external potassium chloride concentration

on_responses to noradrenaline

Smooth muscle membrane potential iS'influencéd to a large extent
by the transﬁembrane potassium gradient. Elevation of external potassium
1s expected to depolarise the muscle, while a decrease should produce hyper-
polarisation. The magnitude of these changes will, to some extent,be de-
creased by oﬁher effects of external potassium, e.g. on potassiﬁm permeability.
- The alm of these experiments was to alter the external potassium chloride
concentrations and study the effects on the two phases of the céntraction
produced by noradrenaline. If the production of these phases is dependent

on electrical or nonelectrical processes, the results will shed some light.

on the mechanisms involved.

'a) Effect of increased concentration of external potassium

chloride

In six experiments, strips of spleen capsule obtained‘from cats
~which had been administered reserpine (1 mg/kg) 24 hours earlier, were
stimulated with noradrenaline (10~6 g/ml) until constant responses were
obtained. The Krebs-Henseleit bathing medium was then éhanged to one

contailning 10 mM potassium chloride and a proportionately smaller concénf'
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tration of sodiﬁm chloride. After 15 min a response to noradrenaline was
obtained. The bathing medium was then changed to one containing 30 mM |
potassium chloride and the response to noradrenaline tested. In a similar
fashion the responses were tested in the presence of 45 and 60 mM potassium
chldride and finally in a medium containing 140 mM potassium substituting
| foriall the sodium in the ﬁedium for producing nearly complete depolarisa~
tion. The tissues were then bathed again‘in Krebs-Henseleit solution and
the response to noradrenaline obtained. The results are presented in
Figs. 29 and 30A. |

| Elevation of external‘potassium chloride concentration from
5.4 mM to 10 mM did not change the magnitude of the fast or slow phases
-of noradrenaline responses although the slow phase bécame steeper. In the
presence:of 30 mM potassium chloride a small contraction occurred and the
slow phase of the response to noradrenaline increased to 126% of the con-
trol. This small increase, however, was not statistically significant at
the 0.05 level. On the other hand, the.fast phasé was 152% of the control
and this potentiation was highly significant (p< 0.01). With an external

-potassium chloride concentration of 60 mM the muscle.tension increased

from 1 g to 1.6'g. Noradrenaline now produced'é fastvphaSe‘which was 116%
of control, while the slow phase was smaller than control (69%). In the
presence of the maximally depolarising concentration of 140 mM potassium

the muscle tension increased to 1.8 g, the slow phase was decreased further
(59% of control, p<0.05) while the rapid phase changed little (122% of |

control), With 5.4 mM potassium in the external medium the fast phase
constituted 30% of the total contraction; in the muscle depolarised by
140 mM potassium it made up nearly 80% of the total contraction. This was
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: Fige 29, Effect of potassium on the slow or fast phasesiof contraction. -

Slow (open bars) and fast (hatched bars) phases of contraction
due to noradrenaline, 10~5 'g/ml, in spleen strips from cats
treated with rpserpine, 1 mg/kg, 24 hours before experiment,
Responses 1in bathing solution contalning concentrations of

KCl, as indicated, are expressed as a percentage of the
corresponding response to noradrenaline in Krebs-anselelt
solution ' : , , :
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due to a decrease in the slow phase.

Earlier it was shown that when 15 mM EGTA was added to a medium
containing 2+5 mM calcium chloride 15 sec before noradrenaline, the slow -
phase Was‘markedly reduced while the fast phase was very little affected.
In order to find out if the fast phase of the response to noradrenaline
| in the medium containing 140 mM potassium was as dependent on tightly
Bound calcium as the fast phase in Krebs-Henseleit solution the following
procedure, recorded In Fig. 30B, was carried out. A control response to
noradrenaline (10-6 g/ml) was obtained. The fast phase was 0.55 g and |
constituted 40% of the total response. The response to noradrenaline was
then determined in the presence of 140 mM potassium. The fast phase was
now 0.56 g, about 69% of the total response. Subsequently the muscle was
immersed in 140 mM potassium and EGTA (15 mM) was added, causing a prompt
decrease in tension. After 15 sec¢c when noradrenaline was added, a rapid
but transient increase in tension occurred. The increase in tension was
equal in magnitude to the fast phase of noradrenaline in 140 mM potassium
in the absence of EGTA.

It has been shown earlier that the fast phase of noradrenaline

response obtained when the muscle is incubated in Krebs-Henseleit solution'
is also selectively preserved while the slow phase 1s reduced if EGTA

(15 mM) is added 15 sec before the contraction. It can be concluded from
these observations that an increase in external concentration of potassium

chloride has a dual effect on contractility. Up to a concentration of

30 mM, potassium chloride increases both phases but at higher concentra-
tions the slow phase dependent on extracellular calcium is preferentially

reduced. The rapid phase dependent on tightly bound calcium is resistant
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Fig. 30. ~Effect of iricrea.sing concentrations of potassium on the
phases of contractlon due to noradrenaline.

A, Responses to noradrenaline, 10"6 g/ml, (NA) in the
presence of 10, 30, 60, and 140 mM potassium.

B. Responses to noradrenaline, 10-% g/ml, (NA); the
effect of potassium, 140 nM, and the effect of rapid
reduction of ayail’able external calcium by EGTA, 15 mM,
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to changes in membrane potential due to very high concentrations of

- potassium chloride.

b) Effect of reduction of potassium chloride on responses

10 noradrenaline

In six experiments (represented in Fig. 314), spleen strips in
standard Krebs-Henseleit solution were stimulated with noradrenaline
(10-6 g/ml). After the preparations gave reproducible responses the
bathing medium was Changed to one which contained no potassium. The
medium was at first changed every minute for 5 min and then every 5 min
thereafter. Noradrenaline was added to the bath every 15 min, Removal
of potassium from the bathing medium did not change the resting tension
of the muscle. This is unlike bovine faclal arteries, which contract
under similar circumstances (Brecht et al., 1969). Responses to noradren-
allne did not change during the first 30 - 60 min in potassium-free
 solution (Fig. 31B). When the muscle was returned to the original potas- -
sium-containing Krebs-Henselelt solution'no change in tension occurred.
When noradrenaline was tested 2 min later, very little change was seen in
the fast phase but the slow phase was markedly reduced (Fig. 31C). This
inhibition was reversed promptly if the muscle was returned to a potassium-
free medium. Addition of potassium chloride (5 mM) to the medium during
a steady contraction induced by noradrenaline resulted in a prompt relax-
ation of the muscle (Fig. 31D).

In another three experiments spleen strips were stimulated with
noradrenaline (100 g/ml) in Krebs-Henseleit solution. After being left
- in a potassium free medlum for thirty minutes without being stimulated

they were restored to Krebs-Henseleit solution for 2 min and then challenged
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Fig. 31s Effect of exposure to potassium-free medium and subsequent
restoration to Krebs-Henseleit medium on the responses of
spleen to noradrenaline.

A, B, G, D. Contractions to noradrenaline, (NA), 106 g/ml.

A, in Krebs-Henseleit medium; B, after change of bathing
fluid to K-free solution; G, 2 min after restoration of K
to the solution; D, after replacement in K-free solution,

KC1 added at the peak of contracticn resulted in a decrease
In tensione
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Fig. 32. lack of effect of simple exposure of spleen to a K-free
bathing medium on the subsequent effect of noradrenaline
(106 g/ml) in normal Krebs-Hemseleit solution (K-H).
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with noradrenaline (Fig. 32). Unlike the previous experiment, in the

absence of previous stimulation of the muscle while in a potassium-free
environment, subsequent restoration of potassium did not result in

inhibition of the slow phase of noradrenaline responses.

These experiments indicate that absence of potassium does not
markedly alter the responsiveness of splenic capsular smoofh nuscle to |
noradrenaline, but creates a situation in which-the muscle is inhibited
by subsequent restoration of potassium to the external medium. It is also

‘evident that the depression produced by potassium depends upon some changes

occurring during stimulation of the muscle in a potassium-free medium.
| In a further serles of six experiments the muscles were stimulated

in a potassium-free medium and the medium was then replaced with Krebs-
Henselelt solution. Reébonses to noradrenaline decreased markedly when
tested 5 min after the replacement and were 63.4% of the control responses
in the potassium-free solution. However, with the muscles kept continu-
ously in Krebs-Henseleit solutlon, the responses recovered, reaching |
control levels in 45 min (Fig. 33).

Although the inhibition of noradrenaline response by a pre-

treatment with potassium (5.4 mM) for‘5 nin before stimulation became less

‘when the muscle was continuously exposed to the same concentration of po-
tassium and tested later, when the inhibition was produced in another way
as shown in Fig. 34 a different result was obtained. In the upper panel

(Fig. 34A) potassium (5 mM) decreased the response of noradrenaline

(10-6 g/ml) to 64% of the control response in a potassium-free medium.
Noradrenaline was washed out and the muscle left in Krebs-Henseleit

solution for 30 min. The response to noradrenaline increased to 89% of
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- 136 -

>

i
]
30min - |
i
. ] -12%
f -64% *
=
<
[+ 4
Q
r NA
10 6glml KCI
5mM
r_z_o_o_z_c_{z{z
1
B |<_____30mm ___,:
- I , -
2— KCi 'y :
5 - 5mM ' I l _9|O/°
% - !
] - (IR | :
NA 1
(XX XX XXX XXXXXXXXXXXXXX:
- Fig, 3%. Prevention by noradrenaline of recovery of spleen capsular

muscle from inhibition caused by potassium.

A. Spleen strip was stimulated with noradrenaline (NA)

in a K-free medium ( @ ), The second response obtained

2 min after addition of KCl to the medium was reduced to

64% of the control. The muscle then kept in Krebs-Henseleit
medium ( ® ) for 30 min recovered its sensitivity to NA.

B. GSpleen strip stimulated with NA in K-free medium relaxed
on addition of KCl. No recovery occurred in 30 min.
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control. In a paréllel experiment (Fig. 34B) a cohtraction to noradren-

~ aline was obtained in a potassium-free medium and potassium chloride (5 mM)
was added at the peak of the contraction. A prompt relaxation of the

muscle ensued. Even though the potassium concentration was maintained for
30 min, there was no tendency for the muscle to regain its originai tension.

c) Effect of different concentrations of potassium on response

to noradrenaline in potassium-free medium

Palred muscles in standard Krebs-Henseleit solution were first
stimulated with noradrenaline (10-6 g/ml) until constant responses were - | éé%
obtained. One muscle was then placed in potassium-free solution and the
other strip remained in Krebs-Henselelt solution for comparison. Both
muscles were stimulated again 15 min later. When the noradrenaline con-
traction reached a plateau, potassium chloride was added in a cumulative
fééhion to both strips. Concentrations of potassium chloride up to 4.2 mM
relaxed the muscle immersed in potassium-free medium (Fig. 35A). A
| potassium chloride concentration of 6.3 mM did not alter the tension, btut
at a concentration of 8.4 mM the tension slightly increased. Thus potas-
sium chloride had a dual, concentration dependent, effect on tension
in potassium~-free medium. Conversély, in a muscle suspended in Krebs-
Henselelt solution (potassium concentration 5.4 mM), raising the external
potassium concentration to 9.6 mM did not change the tension, but at a
concentration of 11.7 mM a small contraction occurred (Fig. 353).
In another experiment four spleen strips were stimulated with
~ noradrenaline (10-6 g/ml) in potassium—frée medium four times at 15 min
intervals. When the fourth response reached a plateau, potassium chloride |

(2 mM) was added to the four baths (Fig. 36A). The muscle relaxed,
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Fige 35 Effect of KCl on response of spleen strips to noradrenaline;
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A, in K-free medium ( ® ); B, in Krebs-Henseleit solution

( @ ). KCl was added at K, with the concentration in the
bathing solution as indicated.




- 139 -

reducing the active tension due to noradrenaline by 40%. The muscles
were washed free of extracellular potassium chloride and challenged twice
wlth noradrenaline. 'When the second response reached a steady level, the

potassium chloride concentration in the baths was raised to 10 mM (Fig. 36B).

A greater relaxation (90%) was seen. The responses with 60 and 140 mM of
potassium chloride were similarly studied (Fig. 36 C and D). Potassium

chloride (60 mM) produced only a 25% decrease in tension followed by a

secondary increase which exceeded the control level by 30%. With 140 mM
potassium chloride there was no xelaxation. A quick but unSustéined
inecrease In tension was seen.

These results suggest that high concentratidns of potassium can
overcome the relaxant effect seen with low concentrations. The optimum
concentration of potassium chloride for causing relaxation is between
6 and 10 mM. _

It was hypothesised that some change occurred in the muscle when
it‘was stimulated with noradrenaline in a potassium-free medium. This
change is absolﬁtely necessary for allowing potassium to subsequently

exert its inhibitory effect. Noradrenaline is known to cause depolarisa-

tion of smooth muscle while inducing contraction. This would result in
increased permeability of the membrane and downhill movement of sodium and
potassium. In the absence of external potassium the membrane sodium pump

is inhibited. Thus an ionic imbalance caused by noradrenaline may be per-

_ petuated. On restoration of potassium the pump will resume its function.

If the efflux of sodium is coupled with a similar influx of potassium then

no net movement of charge will take place and the membrane potential will

not change. However, i1f the pump operates for some reason in a fashion
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spleen strips to noradrenaline obtained in a K-free

medium,

Contraction due to noredrenaline (NA), 10-6 g/ml,

KCl added as indicated.,

A B
' t KCi
—3
9 -2 1 !
2 10
- mM mM
f— 1 o °
NA NA
C D
—3
-
2 60
- mM
NA
Fig. 36, Effect of potassium on response of reserpine treated
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in which the net efflux of sodium exceeds the influx of potassium then
the membrane will hyperpolarise. This may be the cause for inhibition of
responses to noradrenaline. However, if the muscle continues its incuba-

tion in Krebs-Henseleit solution then eventually the pump is expected to

restore the internal potassium level as the sodium is pumped out. If the
electrogenic nature of the pump 1s due to the increase in the internal
sodlum concentration or a decrease in internal potassium or both then

restoration of normal internal concentrations of these two lons during

the continued presence of potassium will lead to recovery from inhibition.

However, if the muscle continues to be acted upon by noradrenaline during
the presence of potassium, then in spite of the activation of the pump by
potassium in an electrogenic fashion and the consequent relaxation of the
muscle, the tendency of this pump to restore normal ionic concentration

may be overcomé-by the mailntained downhill ion movements as a consequence- .
of the action of noradrenaline. Thus the inhibition will not show any
tendency to subside. Other causes of inhibition have also to be tested.

For example, an increase in potassium or chloride permeability or a decrsase

in sodium permeability by increasing external potassium may be important

factors, Finally potassium may alter tissue sensitivity to noradrenaline

by a non-electrical mechanism., The following experiments were done to
test the above proposals.
If stimulation of an electrogenic sodium pump is involved in ‘

decrease in sensitivity, then procedures which inhibit the sodium pump

should prevent the decrease in sensitivity.,
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d) Effect of ouabain on potassium induced inhibition of

horadrenaline résponses in capsular smooth muscle

.In 8ix experiments spleen strips from reserpine-treated cats
were stimulated in potassium-free medium with noradrenaline (10'6 g/ml)
four times at'l5 min intervals. When the fourth response to noradrenaline
reached a plateau, potassium chloride was added to attain a concentratién
of 2 mM. A marked relaxation (48% of total contraction) occurred (Fig. 37A).
The muscles were then washed free of noradrenaline in potassium-free
medium and ouabain (10~? g/ml) was added to the baths after 15 min another
response to noradrenaline was obtained. Potassium chloride (2 mM) was
again added and relaxation noted. Noradrenaline was then washed out with
potasSiﬁm-free medium and a higher concentration of ouabain (1078 g/m1)
added and the previous procedure repeated. In the same way relaxation
induced by potassium chloride was tested in the presence of 3 x 10'8, 10-7
and 3 x 1077 g/ml ouabain. Small concentrations of ouabain (3 x 10-9 and
10-8 g/m1) produced slight increasés in relaxation but these were not
statistically significant (Fig. 37B,C). Higher concentrations of ouabain

(3 x 10‘8, 10-7 and 3 x 10-7 g/ml) inhibited the response to potassium

chloride to 38 (p 0.05), 17.5 and 0% (p<0.01) of the noradrenaline
response respectively (Fig. 37D,E,F). Representative traces are shown in
Fig. 38A and 39. In this experiment ouabain (3 x 10~7 g/ml) decreased the

inhibitory effect of potassium chloride (2 mM) to a very small relaxation,

which was then followed by a small contraction. Inhibition of potassium
responses by ouabain was reversible, and the time for recovery varied
from 30 - 45 min for small concentrations (3 x 10-8 g/ml) to more than

90 minutes for the maximum blocking dose of 3 x_10‘7 g/ml of ouabain.
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Effect of ouabain on the relaxation
potassium,

of spleen due to

Strips were stimulated with noradrenaline (10~6 g/m1)
in K-free medium., KC1 (2 mM) was added to the bath at
the peak of contraction and the ensuing relaxation

expressed as a percentage of the ac
by noradrenaline.

tive tension produced
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The blockade by ouabain could not be overcome by increasing the concentra-
tlon of potassium chloride., Instead, an increase in tension resulted
depending on the concentration of potassium chloride.

e) Effect of substitution of 1lithium chloride for sodium chloride

on potassium-induced inhibition of responses to noradrenaline

When lithium chloride is substituted for sodium chloride, it
enters the intracellular water. However, the sodium pump is unable to -
pump out lithium. As a result, tissues loaded with 1ithium fail to hyper-
polarise when the sodium pump is stimulated (Tamai and Kagiyama, 1968;
| Thoinas. 1969). '

In five experiments spleen strips from reserpine-treated cats were
first stimulafed four times with noradrenaline (10-6 g/ml) in a potassium;
free medium, After the fourth response reached a plateau, potassium was
added in a cumulative fashioﬁ to obtain concentrations of 0e¢3,; 045, 0.9 and
l.ZFmM in the medium. Each increase in concentration was made after fhe |
relaxation due to the previous concentration was complete, The tension at
each of these points was expressed as a percentage of the initial tension
due to noradrenaline. Noradrenaline was then washed out in a potassium-free
bathing mediunm, Finally the above fotassium-free solution which contained
sodium was replaced ﬁith a potassiuﬁ-free-solution in which 1lithium chloride
was substituted for sodium chloride. There was a prompt but small relaxation.
The strip gradually contracted thereafter to bear a tension of 1,25 - 1.4 g
after 30 min, The strips were again stimulated with noradrenaline (lOfékg/ml)
and when the response had reached a plateau potassium chloride was again

added in a cumulative manner. As can be seen in Fig. 38B and 40,
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Fig. 38, Effects of ouabain and lithium chloride on relaxation

due to potassium chloride.

GoEgrac’ciOns in potassium-free solution due to noradrenaline,
10-6 g/ml, in strips from a cat treated with reserpine,

1 mg/kg, 24 hours beforehand. KOl added as indicated to
inhibit the contraction., Ouabain added or K-free NaCl con-
taining solution (K~free) replaced with a K-free solution

in which NaCl was replaced with LiCl (Na + K-free LiCl Krebs)
as indicated.
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Effect of ouabain on relaxation induced by KCl.

Responses obtained with noradrenaline, 10-6 g/ml (NA) in
K-free medium. KC1, 2 mM, added at K.

A. Control responses; é Cand D resgonses in the presence

and 3 x 10~ ml respectively.
Numbers above each record indicate the inhibition expressed
as a percentage of the peak active tension.
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| Effec.t of substitution of 1ithium chloride for sodium
chloride on the relaxation of spleen strips stimulated
with noradrenaline in potassium-free medium,

Spleen strips from reserpine treated cats were stimi-
lated with noradrenaline, 10-6 g/ml, At the peak of
contraction the potassium concentration of the nedium
was Increased to 003, 005' 009 and 1,2 mM. The
inhibition of the noradrenaline-induced contraction
was expressed as percentage of the active tension
produced by noradrenaline ( ® ). The same strips
were then placed in a potassium-free medium in which
all the sodium chloride was replaced by LiCl, The
strips were then made to contract with noradrenaline
and potassium concentration increased in steps as be-
fore (@ ). ,
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the relaxation after each concentration of potassium was significantly

reduced due to lithium substitution. More prolonged incubation of the

muscle in (Na + K free) lithium-containing solution reduced the potassium
chloride response even more. Fig. 38B shows complete blockade of the

potassium chloride (2 mM) relaxation after incubation for 60 min in the
lithium-containing solution. As in the experiment with ouabain (3 x 107 g/ml),
potassium chloride (2 mM) now produced a small contraction instead.

f) Effect of reduction of temperature on relaxation induced

by potassium chloride

Biological processes depending upon active or enzyme-dependent
processes are very sensitive to changes in ambient temperature. On the
ofher hand mechanisms depending on changes in membrane resistance are
believed to be less sensitive to changes in temperature (Rall and Gilman,
1970). The effect of reducing ambient temperafure on relaxation induced
by potassium chloride was therefore hoped to shéd some light on the nature
of the process involved.

Four experiments were performed to test the effect of temperature.
Spleen strips were first stimulated four times with noradrenaline (10’6 g/ml)
in'potassium—free medium at 37°C. The amblent temperature was then reduced .
to 23°C and 15 min later another response to noradrenaline was obtained
(Fig. 41C). Addition of potassium chloride (4.2 mM) to the bath after the
contraction had reached a plateau produced no change in tension. The
potassium and noradrenaline were then washed out with potassium-free solu-
tion, the temperature raised to 33°C and administration of noradrenaline |
and potassium chloride repeated. Similar tests were made at 37°C. At

33°C, potassium produced a relaxation which amounted to 53% of the initial
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Effect of temperature on relaxation due to KCl.
‘Nomdrena.line ’ 10-6 g/ml, (NA) added to potassium-free
‘solution bathing spleen strips at various ambient
temperatures,

KC1, 4.2 mM, was added as indicated.
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contraction while at 37°C this increased to 69%. Each of these values

was significantly (p<0.01) different from the others. The potassium-

induced relaxation showed a high temperature dependence and between 27°G
and 37°C it hAd a Qg of 3.3.

The above findings, namely blockadg of potassium-induced relax-
ation by low concentrations of ouabain or substitution of external sodium :
chloride by lithium chloridé, along with the marked temperature dependence
_"of the relaxation proéess, is very highly suggestive of an active process
being involved, most likely the sodium pump. Earlier it was hypothesised
that such a pump wasljrobably made electrogenic by either an increase in
internal sodium or a decrease in Internal potassium or both. This was ,
attributed to the action of noradrenaline. If such a mechanism exists
then relaxatlon of spleen strips by potassium should also occur if ionic
changes similar to the above are produced by a different procedure,: It
has long been known that incubation of smooth muséle in cold potassium-
free solution for several hours results in downhill ion movements as a
result of diminished activity of the sodium pump. It was therefore con-
sidered worthwhile to store spleen strips in a potassium-free medium at
- 4oC for 24 hours. The strips were then incubated in potassium-free medium
at 37°C for 30 min. Ionic analysis of these strips showed a considerable
increase in intracellular sodium and loss of intracellular potassium.

The muscles were then stretched until they exerted a tension of 1 g.
Experiments were done to find out the effect of potassium on the resting
tension and on the increase in tension produced by noradrenaline. The
effects of ouabain, lithium Substitution, low temperature, substitution

of an impermeant anion isethionate for the external chloride were also
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stﬁdied. Since marked lonic changes occurred in the spleen strips during
cold storage 1t was hoped that the potassium-induced relaxation could
possibly be correlated with changes in ionic composition of the muscle.

g) Effect of potassium chloride on resting tension and

responses to noradrenaline in sodium-loaded spleen strips

In three experiments, the sodium loaded sPleens kere stretched -
to 1 g tension while suspended in a potassium-free solution at 37°C.
After 30 min, they were stimulated with noradrenaline (10-6 g/ml) twice
at 15 min interval. The two phases of contraction were sometimes not as
clear as in normal spleen strips. Fig. 42 depicts a single typical exper-
iment. Potassium chloride (5 mM) added to the potassium-free bathing
medium reduced the resting tension. Maximum relaxation occurred in about
5 - 6 min. Removal of potassium shortly after the tissue began to relax
resulted in a partial restoration of tension. Thése results are somewhat
different from those obtained from fresh spleen strips incubated in potas-
sium free medium where the resting tension did not change. The response
to noradrenaline (10~ g/ml) was markedly diminished when tested 2 min
after addition of potassium chloride. The decrease was méinlj'invthe*
slow phase. If the muscle was then kept in the potassium-containing
medium for 70 min after noradrenaline was washed out, sensitivity to nor-
adrenaline increased; the inhibition of the response to noradrenaline
rnot only decreased, but in fact the response was larger than the control
response previously elicited in the potassium-free medium. The muscle
was again washed.free of potassium and 15 min later when noradrenaline
was tested, there was a small further increase in the noradrenaline.

response. Thus this preparation showed the same kind of brief inhibitory
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Effect of KC1 on the tension and responsiveness to
noradrenaline (NA) of sodium loaded spleen strips.

The strips were suspended in a K-free medium.
Noradrenaline, 10-6 g/ml, was added at NA, and KCI,
5 mM, as indicated. Note the initial short

~lasting inhibition followed by recovery of response

due to NA in the presence of KCl. Removal of KG1
produced further improvement in response to NA.
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 ‘effect of potassium as seen in the normal spleen strips in earlier

experiments,

h) Effect of ouabain and lithium on potassium induced relaxation

of smooth muscle and on inhibition of response to noradrenaline

In two experiments, four sodium loaded spleen strips obtained o f;;
- from reserpine treated cats were stretched to 1 g tension in potassium+ |
free medium. They were then exposed to potassium chloride for 1 min.and '
the ensuing relaxation noted (Fig. 43A). The spleen strips were quickly
washed free of potassium and allowed to regain the initial tension. Half

the spleen strips were changed to a solution containing lithium chloride

but no sodium or potassium, and the other strip remained in potassium~free
solution. The change to the solution with;lithium chloride prbduced a
transient biphasic change in tensions a contraction followed by relaxation.
' The relaxation due to potassium chloride (2 mM) decreased 70% in strips
placed in the solution containing 1lithium chloride while the responses in

the strips that remained in potassium-free solution were unchanged.

In similarly designed experiments the response of sodium loaded

reserpine treated strips to potassium chloride (5 mM) was first determined i

(Fig. 43B). The strips were then washed free of potassium chloride and
exposed to ouabain (3 x 10-8 g/ml) for 15 min. Potassium chloride (5 mM).
then caused a relaxation which was only slightly less than in the control

response but the rate of relaxation was much slower (Fig. 43C). The

strips were again washed with potassium-free solution and exposed to
‘ouabain (10~7 g/ml) for 15 min. Potassium chloride now produced a small
contraction instead of a relaxation (Fig. 43D). As in the earlier exper-

iments done on normal spleen strips, the blocking‘effect of ouabain could



Fig. 43.

Modification of the relaxant effect of potassium
(KC1) on sodium-loaded spleen strips.

A. The first response due to KC1 was elicited in a
K-free sodium chloride containing modified Krebs-
Henseleit medium ( @ ). On washing KCl out, the
tension rose to normal. 10 min later the bathing
medium was changed to a K-free medium in which sodium
chloride was replaced by lithium chloride ( i

A transient biphasic change in tension occurred.

10 min later application of KCl resulted in a smaller
relaxation.

B, Control response of a sodium-loaded spleen strip
to KC1 in a K-free sodium chloride containing
solution. KCl was washed out after peak relaxation
occurred,

Cy D. Reduced responses of same strip in the
presence of ouabain 3 x 10-8 and 10-7 g/ml respec-
tively. '
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" be removed slowly by repeated washes.
As described above, responses to noradrenaline were inhibited
when sodium-loaded muscles relaxed under the influence of potassium. The

following experiment was done to see if this inhibition could also be

' blbcked by ouabain. Three experiments were done on pairs of sodium-loaded
étrips suspended in potassium-free medium (Fig. 44). Résponses to nor- -
adrenaline (10"'6 g/ml) were obtained first. One of the paired muscles

was then treated with ouabain (10~7 g/ml) for 15 min. When potassium

chloride (5 mM) was now added to media bathing both muscles, the muscle

treated with ouabain exhiblted a small contraction whereas the untreated
muscle relaxed (mean relaxation 0.54 g). Noradrenaline was added to both
baths. The response in the ouabain-treated strip increased 18% over the
control value instead of decreasing by 80% as in the strip which was not
treated with ouabain. Returning the untreated muscle to a potassium-free
medium restored the response tb noradrenaline but the ouabain-treated
tissue did not change its response in potassium-free medium. This suégests
that lack of inhibition of noradrenaline response in this tissue was
mainly due to blockade of the sodium pump by ouabain,

i) Effect of temperature on potassium-induced relaxation of

sodium-loaded spleen strips

Four sodium-loaded spleen strips were incubated in potassium-
free medium at 18°C and stretched to exert a tension of 1 g. Potassium

chloride (5 mM) was added to each. No change in tension resulted. Potas-

sium was then washed out and the ambient temperature increased to 24°C.
After 15 min potassium chloride was reintroduced. In this way the response

to potassium at 30°C and 37°C was also measured (Fig. 45). The Qg of
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Fig. 44, Effect of potassium on sodium loaded spleen strips

bathed in potassium-free medium.

Responses to noradrenaline, 10~0 g/ml, (NA) in spleen
strips from cats treated with reserpine, 1 mg/kg,

2t hours beforehand. KCl, 5 mM; was added to the
K-free hathing solution during the period indicated
by _s @& ). A, without ouabain; B, with ouabain,
10-7 g/ml, added as indicated.
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relaxatien from 20°C to 30°C was 4.1. This high value in sodium-loaded
muscles is somewhat greater than that for potassium induced relaxation in

normal muscles incubated in a K-free medium.

3) Efféct of reduction of external chloride on potassium induced

relaxation

If it is assumed that potassium induced relaxation of a muscle
which has been made to contract initially with noradrenaline is due to an
increase in membrane potential, it is conceivable that increased inward
pumping of chloride can be responsible either alone or in conjunction
 with an electrogenic sodium pump for the same. On the other hand a dif—
ferent situation is also possible 1f the cause of increase in membrane
potentlal 1s an electrogenic sodium pump. If a certain amount of chloride
accompanies the sodium this is likely to reduce the magnitude of'increase'
‘ in membrane potential., Removal of external cﬁloride will then be expected
to decrease potaésium induced relaxation if a chloride pump contributes
to the hyperpolarisation whereas depletion of internal chloride will be
expected to reduce its shortcirculiting effect on the electrogenic sodium
pump thereby increasing the potassium induced relaxation depending on the
individual mechaniém that is prevailing. These possibilities were tested
as followss -

Four sodium-loaded spleen strips were suspended in potaSSium-
free solution at 37°C and stretched for 30 min to exert a tension of 1 g.
They were then exposed to potassium chloride (0.7 mM) and the relaxation

was measured as a percentage of the initial tension. The muscles were

quickly washed free of external potassium chloride and allowed to regain

the initial tension. The bathing medium in three baths was now replaced




KCl (5mM) in mg

RELAXATION  AFTER

MEAN

Fig. 45.

- 158 -

Qw(zo°c -300C ) =441

17 27 ’ ' 37

TEMP (°C)

Effect of temperature on the relaxant effect of KC1l on
sodium loaded spleen strips. '
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by a potassium-free medium in which sodium chloride was replaced by‘
sodlum isethlonate. A small amount of chloride (2.5 mEq/1) in the form
of calecium chloride still remained. In this medium; the muscles tempor-
arily gained a very small amount of tension, which returned to normal
after'15 min, All four muscles were again tested with potassium chioride
(5 mM) and the percentage relaxation of fhe nuscles exposed to low chlor-
ide, potassium~free medium was compared with the relaxation of the same
muscle in a medium containing a greater amount of chloride. The fourth
tlssue which served as a control relaxed equally both times. The relax-
atlon in low chloride solution was 1l.4% greater than the relaxation in
the medium containing the normal amount of chloride. This difference was
"not statistically significant.

k) Effect of potassium on the ionic contents of sodium-loaded

spleen strips

Forty five spleen strips were loaded with sodium by incubation
in potassium-free mediun at 4°C for 24 hours. They were then divided into
five groups and incubated in potassium-free medium at 37°C for 30 min. A
sixth group consistedvof five normal spleen strips incubated for 30 min
in Krebs-Henseleit solution at 379C. Two groups of sodium-loaded spleen
strips were treated with ouabain (3 x 10~7 g/ml) during the last 15 min
of the preincubation period and throughout the rest of the experiment.

After the preincubation was over, the normal spleen strips and
strips from one of the groups of sodium-loaded muscles were taken out for
estimation of ion contents. Potassium chloride (5 mM) was added to the
remaining muscles. After 6 min, one group of untreated and another group

of ouabain-treated strips were taken out for analyses. Two hours later




- 160 -

the remaining tissues were taken out. The results are shown in Fig. 46,
The cold stored muscles had gained 110.1 mEq of sodium and lost 76.9 mEq
of potassium per litre of intracellular water (p<0.01). Incubation in a

potassium chloride containing solution for 6 min resulted in'a negligible

change 1in intracellular potassium concentration but the sodium concentration v‘
decreased byb39.9 mEq/l, which was statistically significant (p< 0.05).
This deéreéSe did not occur in ouabain-treated tissueé. Incubation in
potassium chloride-containing medium for two hours nearly restored the

lonic concentrations (differences from control statistically not signifi-

éant), but this was prevented by ouabain.

It was mentioned earlier that an increase in membrane potential
can be produced not only by stimulating an electrogenic pump but also by
altering ionic cdnductances. For example, an increase in potassium
permeability will tend to bring the membrane potential closer to the .
potassium equilibrium potential which has normally a highér value. The
most acceptable way of distinguishing between the pump and the conductance
mechanisms is to estimate thé potassiumbequilibrium potential on the basis
of the intra- and extracellular potassium activities (or concentrations)

and measure membrane potential during the relaxation produced by potassium.

If the membrane potential exceeds the potassium equilibrium potential then
the hyperpolarisation is due to a pump, whereas if it does not, then a

change in conductance is more likely. Additionally if the muscle cell is

hyperpolarised beyond the potassium equilibrium potential by passing a
current across the membrane and if extracellular potassium now depolarises
the muscle instead of hyperpolarising it, then a pump mechanism can be ex~

cluded. An attempt was made to measure membrane potential changes in the
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spleen capsular smooth muscle. However, this had to be abandoned because

- of the difficulty in getting good impalements with the high resistance

glass microelectrodes that have to be used for small smooth muscle cells.

The presence of connective‘tissue around the muscle cells and‘the small

size of the muscle cells are probably responsible for our failure to do Lo RS
-~ electrophyslological studies on the splenic capsular smooth muscle.

An indirect approach was therefore tried. Barium ions are known
to decrease potassium permeability in smooth or skeletal muscles (Sperelakis
" and Ta;n-, 19653 Sperelakis et al., 1967)4a.nd this has been suggested as
a‘mechanism for its ablility to depolarise muscle cells. It was reasohed,
that i1f the mechanism of relaxation of splenic capsular smooth muscle by.
potassium was induced by an incréase in potassium permeability, then this
should be modified by prior administration of barium.

1) Effect of potassium chloride on spleen strips in the

presence of barium chloride in potassium-free medium

Two spleen strips were suspended in Krebs-Henseleit solution
and another two in potassium-free medium. Barium chloride (2.5 mM) was
added to the four baths. The response of the strips in Krebs-Henseleit
solution was a small increase in tension (Fig. 47A). The responses
occurred with a long latency (15 - 20 sec) and were initially rhythmic in
: the strips suspended in Krebs-Henseleit medium. In contrast, the strips
suspended in potassium-free medium (Fig. 47B) contracted much more strongly;
with no rhythmicity and with a shorter latency (4 - 6 sec). The responses
of fhe strips to barium chloride in potassium-free medium were five times
larger than those in Krebs-Henseleit solution. Addition of potassium

‘chloride (1.4 mM) to both groups of strips resulted in rélaxation which
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Effect of external potassium on the response of spleen

to barium,

A. Response to BaCl, in Krebs-Henseleit solution. At

K external potassium chloride. Concentration was
increased to 6.8 mM and 8.2 mM.

B, Response to BaCl, in same muscle after exposure to
K-free medium. K, 1.4 mM was added as indicated.
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‘was more marked in the strip immersed in potassium-free medium. These
effects of potassium on tension iﬁduced by barium chloride were different
from those on tension induced by noradrenaline. It may be recalled from
Fig. 35B that increasing the potassium concentration in Krebs-Henseleit

solution did not reduce the noradrenaline-induced increase in tension.

'Moréover, even in the tissue made to respond to noradrenaline in potassium~
free médium the percentage relaxation due to potassium (2.1 mM) was less

than the relaxation due to a much smaller concentration of potassium

(1.4 mM) in the muscle which had been made to contract by barium chloride

in potassium-free medium.

In four additional strips from separate cats, suspended in
Krebs-Henseleit solution, responses to 2.5 mM of barium chloride were
obtained. The concentration of potassium in the medium was then reduced
from 5.4‘mM to 0.3 mM and 15 min later the muscles were again stimulated
with barium chloride. After the responses were obtained, barium chloride
was washed out and the strips were then immersed in a potassium~-free
medium for 15 min. Barium chloride was added to the baths again. The

mean increase in tension of strips in potassium-~free medium was 5.04 ¥ 0,16 S

This was significantly different (p< 0.01) from the increase in tension in

0.3 mM potassium chloride (2.4 % 0,134 g) and in 4.9 mM potassium chloride

(1.03 £ 0.033 g).
If potassium-induced relaxation is due to an increase in potas-

sium permeabllity and if the effect of barium in reducing potassium

permeability is non-competitive, as has been suggested by Sperelakis and
co-workers (1967), then one should expect a decrease in the abllity of

potassium to relax tissues treated with barium. The failure to elicit
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this and the unexpected increase in responsiveness of the tissug to
potassium suggests that in the presence of barium chioride'the electro-
genic sodium becomes more sensitive to potassium chloride or alternatively,
potassium relaxes these muscles by a different mechanism in addition to

or in the absence of an effect on the electrogenic sodium pump. This was
investigated next.

m) Effect of ouabaln on the relaxation induced by potassium

chloride in muscles stimulated with barium chloride

Six spleen strips were incubated in potassium-free medium.
bThirty minutes later they were stimulated with barium chloride and the
relaxation on incieasing potassium chloride concentration of the medium
in a cumulative manner from 0.1 mM to 5 mM was noted.

Potassium chloride and barium chloride were washed out and after
incubatlon for another 15 min in potassium-free solution the strips were
stimulated with noradrenaline (10~6 g/ml) and the relaxation noted. The
muscles were again washed with potassium-free solution and ouabain
(3 x 1077 g/ml) was added to all the baths. Fifteen minutes later, nor-
adrenaline was repeated and addition of potassium chloride now failed to
produce any relaxation. As in earlier expefiménts; a slight contraction
occurred, inste#d. After another wash in potassium-free solution and
with ouabain still present, the strips were finally stimulated with
barium chloiide (2.5 mM) and at the height of contraction, potassium
~ chloride (5 mM) was added and the relaxation noted. In strips not treated
with ouabain the tension decreased by 85.35 t 3.3% of the initial increase
due to barium chloride and to lesser extents in the presence of smaller

concentrations of potassium (Fig. 48). In the presence of ouabain the
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~ Fig. 48, Inhibition by KCl of the tension produced by BaCl, (2.5 mM)

in a K-free solution,

KCl was added after the contraction induced by BaCl, had
reached a plateau. Open bars show the relaxation,
expressed as a percentage of the active tension produced
by BaCl,. Hatched bar shows a decrease in KCl induced
inhibitfon in the presence of ouabain (10-6 g/m1).
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rélaxation due to potassium chloride (5 mM) was only 58 ¥ 1.38% of the
éctive tension produced by barium chloride. This effect of ouabain was
highly significant (p<0.01). Thus the ouabaiﬁ sensitive component of
relaxation,which most probably represents the contribution of the sodium
pump,is 29% of the active tension prodiuced by barium. Since a similar'
concentration of potassium chloride produces a 64% decrease in the active
tension produced by noradrenaline in a potassium free medium and also
because this effect 1s entirely blocked by ouabain, it appears that the
ouabaln sensitlive relaxing mechanism of potassium in the presence of
bariun (29%) 1s less than that in the presence of noradrenaline (64%).

The reason for this difference will not be clear until a pbssible inhibi-
tory effect of barium on the sodium pump is ruled out. Even though the
use of barium did nofbprovide clear cut evidence regarding the possible
role of permeébility changes in mediating relaxation due to potassium, it
became obvious that more than one mechanism may be involved. Nevertheless,
in the presence of noradrenaline, the predominant mechanism for relaxation

by potassium is stimulation of the sodium pump.

XIV. Effect of reserpine, cocaine and 6-hydroxydopamine on the

two phases of contraction due to noradrenaline

Up to this point the effect of agents which depress smooth‘
muscles on the two phases of noradrenaline were studied. Several procedures
have an.0pposite effect on'smooth muscles and cause supersensitivity to
various agonisis. It was therefore proposed to study the effect of three
su¢h,procedures in the spleen - namely treatment with reserpine, cocaine

or 6-hydroxydopamine.
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a) Effect of reserpine

Administration of reserpine (1 mg/kg) to the cat 24 hr earlier
produces an unspeclific supersensitivity of the spleen strips to catechol-

amines and other agonists. This is accompanied by a depletion of endogenous

catecholamines., The supersensitivity was measured on the basis of a shift to
left of the dose response (isotonic contraction) curve and an increase in
the maximum response of the spleen. It is generally believed that super-
sensitivity produced by reserpine is due to an effect of the drug on Some
postsynaptic structure or mechanism (Davidson, 1970). In six experiments
spleen strips from a reserpine treated and a control tissue were paired
and stimulated with various concentrations of noradrenaliné. Duplicate
samples from each control and reserpine treated tissue were ana;ysed for
their catecholamine content and the mean content was found to be

2.94 ¥ 0.3 g and 0.042 % 0.004 ug/g tissue wet weight respectively. The
depletion of catecholamines due to reserpine amounted to 98.5% of the
control valﬁe. The threshold concentration of noradrenaline in the control
tissue was 10"8 g/ml and maximum response was obtained with 3 x'10"5 g/ml.

The isometric contractions produced by smaller concentrations of nor-

adrenaline had pr0portionétely smaller slow phases compared to the rapid

phase. In fact in some tlssues an initlal fast phase was followed by a
gradual decrease in tension similar to some earlier experiments in which
the spleen strips were stimulated with noradrenaline in the presence of

EGTA (15 mM). However, on increasing the concentration of noradrenaline,

the slow phase became more prominent. The rapid phase also increased,
though less in proportion to the slow phase (Fig. 49). With very high

concentrations of the agonist sometimes the upper limit of the fast phase
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- merged indistinguishably with the slow phase. In such cases responses
were obtained 15 sec after exposing the strips to EGTA (15 mM) - a
procedure that has previously been shown to dissociate the fast phase
from the slow phase. Reserpine treated strips had a threshold of
3 x 1079 g/ml and contracted maximally in résponse to 10-5 g/ml noradren-
aline, The dose response curve was shifted to the left but no change in
the maximum was seen in the curve., Isometric responses thus differ from
isotonic contractions of reserpine treated spleen strips in which the.
maximum response is higher. When the ratio of slow to fast phases in
reserpine treated preparations was compared with those in control tissue
it was found that for any given concentration of noradrenaline the ratio
was slightly higher in the reserpiné tissue. This difference was not
statistically significant at the 0.05 level except for 3 x 10-7 g/ml nof—
adrenaline, However, when the responses of reserpine treated strips: to"
“this concentration were compared with nearly equivalent responses in
control strips due to 10-6 g/ml, no statistical significance could be -
found. A very curious observation in reserpine treatedvtissues was the
presence of rhythmic contractions of small amplitude superimposed on the
slow phase of responses obtained due to noradrenaline (3 x 10'8 to
3 x 10~7 g/ml). This phenomenon will be more fully described later.
Based on previous interpretation of the significance of the two
phases of noradrenaline response, it seems that both stores of calcium
are probably not differentially affected during the supersensitivity pro-
duced by reserpine.

b) Effect of cocaine and 6-hydroxydopamine

Both cocaine and 6-hydroxydopamine cause supersensitivity to
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spleen strips due to noradrenalines.

Ratlos of slow to fast phases of contraction produced
by different concentrations of noradrenaline in spleen
strips of cats treated 24 hrs prior to experiments
with reserpine (1 m?/kg), ( ® ), and in strips from
untreated animals, © )e The ratios obtained in-
the two groups of spleen strips were not significantly
different for any concentration of noradrenaline except
3 x 10-7 g/nl (p<0.05), indicated by (X).
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.: horﬁdrenaline in the spleen (Davidson, 19703 Mﬁilhot, 1970); Both the

'agents'decrease neuronal uptake of noradrenaline,lthe former by an action-
on the amine pump and the latter by causing selective degeneration of the
sympathetic_postganglionic nerve terminals, Potentiation of catecholamines
- by both these agents 1s. generally believed to be due fo the blockade of
vupt#ké, although evidence favouring an alternative postsynaptic action of :"
cocaine is mounting (Davidson, 1970). It is believed that the latter may
involve an enhanced efficiency of utilisationvof célcium stores for
contraction (Greénberg, 19683 Kasuya and Goto, 1969). A basic effect
such.as.this is an attractive mechanism fér explaining the abiiity of
cocalne to potentlate responses of agonists other than sympathomimetic
amines, On the other hand, potentiation of noradrenaline responses in
6-hydroxydopamine treated spleen is specific. The responses of the spleen’
to lsoprenaline, a poorly transported sympathomimetic amine in the heart
(Iveisen, 1967), and to histamine are not potentiated (Mailhot, 1970).
It-was therefore of interest to study the effect of theSe'two agents on
thé two phéses'of noradrenaline responses. |

o In six‘experiments cocaine (10-5 - 3 x 10-5 g/ml) decreased the

threshold concentration of noradrenaline from a control value of 10'8 g/ml to
10'9 g/mls The maximum responses to noradrenaline were not different from
the control but were obtained with a smaller concentration of 3 x 10~6 g/ml
of the agonist; Qualitatively simllar results were obtained in spleen strips
from 6 cats treated with 6-hydroxydopamine 24 hr before experimentation. Such
spleens had a catecholamine content of 0.19 O.OM)Lg/g tissue wet weight, a
decrease in 93.5% over control values. The shift in the dose response

curve was roughly 70% of that obtained with cocaine. Marked rhythmicity
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superimposed on the slow phase was seen in the responsé to noradrenaline
(1078 - 3 x-10=7 g/ml) in these tissues. This ié sharply in,contraét with
_ normal tissués khich as a rule did not show any rhythmicity;

The most characteristic change in the relationship between the
ratlo of slow to fast phases and the concentration of'noradrehaline was | :ﬁ;
an.increase in the ratio at low concentrations compared to that in control
tissues (Fig. 50). As the concentration of the agonist incréésed, the
ratlo fell to a level which resembled that in the control strips.v The
differences between the ratio for any concentration of noradrenaline from
10-8 to 10-6 g/ml 1in the control and cocaine or 6-hydroxydopamine tréé.ted
tissues were significant (p< 0.05). The ratios in response to 3 x 10-'6
and 10-5 g/ml of noradrenaline were not significantly different. When the
ratlios of the two phases in responses of equal magnitude in the two groups
of tlssues were compared rather than ratios in response to equivalent
concentrations of the égonists, the'differences-were again found to be
significant except in the case of ratios obtained with 106 g/ml and
higher concentration of norﬁdrenaline in the cocaine or 6-hydroxydopamine
treated tissue and the corresponding responses in control.

The~ﬁain effect of cocaine or 6-hydroxydopamine on the spleen
is to increase the contribution of slow phase to any given response to
noradrenaline.

XV. Comparison of the effects of noradrenaline and isoprenaline

in spleen strips ’ S e

Both noradrenaline and isoprenaline cause spleen strips to
contract by acting on alpha-adrenoceptors (Bickerton, 1963). We were

therefore surprised when at the beginning of this study (Fig. 1) it was
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of contraction due to noradrenaline,

The ratio of slow to fast phases of contraction of. spleenA
strips to various concentrations of noradrenaline;

( © ), in untreated strips (control); ( ‘s ), in the
presence of cocalne, 105 g/ml; ( @ ), in strips from ‘
cats treated with 6-hydroxydopamine (35 mg/kg) 24 hr before-
hand. Bach ratio marked with ( X ) is significantly
different from the corresponding ratio in the control

curve (p<0+05). No significant difference was observed
between cocaine and 6-hydroxydopamine treated strips.
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observed that equal responses to these two agents consisted of entirély

. different proportions of slow and fast phases. This was investigated in

greater detall in this series of six experiments.

Compared to noradrenaline (10'8 g/ml) the threshold concentration
of isoprenaline was greater (10~6 g/ml). The responses to isoprenaline had
a larger proportion of slow to fast phase compared to responses with nor-
adrenaline., Fig. 51 shows the ratio of slow to fast phases of response to
nearly equal responses to lisoprenaline and noradrenaline as a function of
the corresponding concentration of agonist employed. The ratios were

significantly different (p< 0.05) for the three smaller concentrations

- shown. The ratio of slow to fast phases in response to isoprenaline were

larger with smaller doses and decreased progressively with increase in
agonist concentration to approach the values obtalned in responses due to
high concentrations of noradrenaline. Thus the curve obtalned with iso-
prenaline differed qualitatively from that obtained with noradrenaline in
control strips but resembled those obtained with the same agent in tissues
treated with cocaine or 6-hydroxydopamine. |

In another three experiments the ratlos of slow to fast phases
of equal responses to noradrenaline (7 x 10-8 g/ml) and isoprenaiine |
(3 x 10~ g/ml) when comjared in a 6-hydroxydopanine treated tissue did
not show much'differénce. Fig. 52C shows a typical experiment. For com-
parison equivalent responses to the two agonists in strips from two un-
treated control spleen strips were obtained and the typical record shown
in Fig. 52B. The two responses had markedly different ratios. It thus
seems that the differences in the ratio of slow to fast phases of noradren-

aline and lsoprenaline in normal spleen strips are due to some mechanism

that is affected by pretreatment with 6-hydroxydopamine.
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Variation in the ratio of slow to fast phases of
contraction with noradrenaline and isoprenaline;
effects of phenoxybenzamine and of treatment with
6-hydroxydopamine.

A, Contraction of spleen strip due to different
concentrations of noradrenaline (NA) before and in.
the presence of phenoxybenzamine (POB).

B. Contractions of untreated spleen strip to nor-
adrenaline (NA), isoprenaline (ISO).

C. Responses to NA or ISO in spleen strips from a
cat treated with 6~hydroxydopamine.

the
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XVI. Effect of phenoxybenzamine on the response due to noradrgnaline

Phenoxybenzamine is a non-equilibrium antagonist of the élpha—
adrenoceptor in the spleen. Consequently if a single typé of receptor
exists for noradrenaline then inactivation of this receptor population
should affect the response but not the proportioh of slow to fast phases,
This, surprisingly, was not found to be the case, (Fig. 52A). It can be ‘, |
seen that before exposure to phenoxybenzamine, responses to 10‘7,

3 x 10-7 and 10"6 g/ml of noradrenaline showed incfeasing responses having
ratios of 1.3, 2.26 and 3.05 respectively. The tissue was exposed to
phenoxybenzamine (3 x 10~8 g/ml) for 5 min followed by several washes
with Krebs-Henselelt solution. The tissue became about 10 times less
sensitive to noradrenaline. However, comparable iesponses after phenoxy-
beﬁzamine had larger ratios of siow to fast phases. In 6 such experiments,
spleen strips were stimulated with several concentrations of noradrenaline
before and after treating the strips with phenoxybenzamine (3 x 10'8'g/m1).
The results have been shown in a different way compared to the results
obtained in the previous two sections. Since in normal tissues the ratio
of slow to fast phases increased with increasing concentration, it was
possible that the increaséd ratio of the two phases after phenoxybenzamine
was due to the higher concentrations of noradrenaline necessary. It was
therefore found more convenient to compare the ratio of‘slow to fast
phases for any given'value of active fension in normal (Fig. 53A) or
phenoxybenzamine treated tissues (Fig. 53B)s The shaded areas represent .
tﬁe two regression lines surrounded by their respective 95% confidence
limits. For any given active tension produced by noradrenaline, the ratio

of slow to fast phases was significantly higher in pPhenoxybenzamine treated




Fige 53.

Effect of phenoxybenzamine on the ratio of slow to
fast phases of responses to noradrenaline.

Ratlo of slow to fast phases of response to different
doses of noradrenaline are plotted as a function of
the total active tension at which they were measured:
in the presence (striped) or absence (stippled) of
phenoxybenzamine (3 x 10-8 g/ml)., The active tension
1s a functlion of the dose of noradrenaline employed.
The area within each zone denotes the 95% confidence
limit for each regression line.
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tiésue. These results suggest that a simple blockade of a single popul5;
tion of alpha-adrenoceptors is probably not thé only result of phenoxy-
berizamine treatment. It is interesting to note that the increase 1h ratid
of slow to fast phases caused by phenoxybenzamine for any given active
tension induced by noradrenaline is similar to the effect of cocaine or
6-hydroxydopamine even though phenoxybenzamine inhibits responses of spleen
to noradrenaline while the latter agents cause supersensitivity.

XVII. Rhythmic contractions evoked in spleen strips

a) Effect of cocaine, reserpine and 6-hydroxydopamine pretreatment

Normal spleen strips in vitro never showed spontaneous rhythmié
- contractlions. When such a spleen was stimulated with different amounts of
noradrenaline, as a rule no rhythmicity was observed. .However,‘in the
presence of cocalne 10=5 - 3x 10-5 g/ml or in spleen strips obtained
from cats pretreated with reserpine (1 hg/kg) or 6-hydroxydopamine

(35 mg/kg) 24 hr before thebexperiment, small concentrations of noradren-
aline (vaiying from 108 - 3 x 10~7 g/ml) produced two phases of contrac-
tion but, in addition, rhythmic contractions superimposed on the slow
phase were also seen in a majority of 6 - 10 experiments done after each
prodadﬁre. A typical experiment In a spleen strip obtained from a cat
treafed wlth reserpine exhibited rhythmic contractions in the presence of
3 x 10-8 or 107 g/ml of noradrenaline (Fig. 54A). With the smaller
concentration of noradrenaline the contractions occurred once every minute.
The frequency was greater with the higher concentration of noradrenaline.
When the muscle was stimulated with 3 x 10-8 g/ml of noradrenaline in the
presence of cocaine (10~5 g/ml) in addition, the amplitude as well as

rate of rhythmic contractions Ilncreased compared to the control reserpine




- 180 -

‘treated tissue. Increasing the concentration of noradrenaline in a tissue
exhiblting rhythmic contraction graduélly increased the frequency of
contraction, but with concentrations above 10~7 g/ml there was a marked
decrease in the amplitude of the rhythmic contractions. Usually with
concentratidns of noradrenaline above 3 x 10'7 g/ml, the rhythmic contrac-
tions seemed to fuse into one another and eventually disappear. The
responses.shown in Fig. 54B were obtained in the presence of cocaine

(10~5 g/ml) with various concentrations of noradrenaline. The 3rd
response represents the stage where the rhythmic contractions were becoming
fused. Further.increase in noradrenaline concentration resulted in the
typical 2 phase response without rhythmic activity.

The induction of rhythmic contraction did not appear to be due merely
to increase in tension due to the agonist. In 4 experiments, pairs of reserpine
treated spleen strips were exposed to cocaine (10-5 g/ml). One of them |
was stimulated by cumulatively increasing concentrations 6f potassium
chloride (Fig. 54C) while the other was stimulated with noradrenaline
(Fig. 54D). 1In the presence of noradrenaline (1.2 x 10-7 g/ml) larger
rhythmic contractlons were elicited. On the other hand when equivalent
contractions were produced by potassium, no rhythmicity was induced.
Increasing the potassium concentration to cause a cantraction larger than
that due to noradrenaline (not shown) still did not give rise to rhythmic .
contractions. The behaviour of the spleen to elevated external potassium
differs from that of some vascular smooth muscles which do exhibit rhyth-

micity in response to this ion (Johansson and Bohr, 1966).




F‘ig. 5“‘.

Effect of noradrenaline or potassium in spleen strips
after treatment with cocaine or reserpine.

A. Effect of different concentrations of noradren-
aline (NA) on spleen strips of reserpine treated cats.
Unlike responses in untreated spleen strips, in these
strips rhythmic contractions were superimposed on the
slow phase. Cocaine caused further potentiation in
the response to NA (3 x 10-8 g/ml) along with increase
in amplitude of rhythmic contractions.

B. Effect of cocalne on spleen strip from normal
cats, The strip was first exposed to cocaine,

10-5 g/ml. Increasing concentrations of noradrenaline
(NA) caused at first, increase in the amplitude of -
the fast and slow phases as well as the amplitude and
frequency of rhythmic contractions. NA (10-7 g/ml)
the rate of rhythmicity became faster but the ampli-~
tude was reduced. At still higher concentrations

(not shown) the rhythmic contractions disappeared.

C and Do Paired cocaine treated strips obtained from
same spleen as in B. KC1l, 2,1 mM, (K) added cumula-
tively in C. No rhythmic contractions were seen.
Noradrenaline, 3 x 10~8 g/ml, (NA) added cumulatively
in D. Note rhythmic contractions.
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b) Bffect of increase in external potassium concentration on

the rhythmicity induced by sympathomimetic amines in spleen

strips
During the study of rhythmicity induced by noradrenaline, it

was seen that rhythmiclity could not be maintained‘for more than 5 - 10
min. The active tenslon gradually decreased and rhythmicity eventually
subsidéd. At this point replacement of the bathing fluid with a fresh
solution»df noradrenaline and cocaine restored the rhythmic responses.
This suggested that destruction of the drugs was occurring. However, when
rhythmicity was induced by a relatively specific alpha-adrenoceptor stim-

ulant phenylephrine, the effect persisted for as long as 45 min. In

several experiments, therefore, phenylephrine was used instead of nor-

adrenaline.

Spontaneous rhythmicity observed in various smooth muscles is

believed to be myogenic and associated with action potentials which arise

in pacemaker cells and are propagated over a large mass of smooth muscles
in a concerted fashion (Somlyo and Somlyo, 1968a). A detailed search of
the literature failed to»reveél any description of rhythmicity in spleen
strips in vitro. Nor could data be found concerning the electrophysio-
logical correlates of contractility of the spleen.' We have so far not
succeeded iﬁ making direct microelectrode recordings of transmembrane
potential changes in the splenic smooth muscle during rhythmicity. Under
these circumstances we were forced to employ an indirect approach to study
the effect of changes in membrane potential on rhythmicity. The experiment
shown in Fig, 55A is typical of 3 experiments on strips from reserpine

treated cat in which rhythmic contractlons were obtained with phenylephrine
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(2 x 1072 g/ml) and cocaine (10f5 g/ml). Increasing the potassium concen-
tration of the bathing medium from 5.4 to 8.4 mM abolished rhythmiéity

but did not cﬁange basal active tension. An increase in the concentration
of phenylephrine to 4 x 10=5 g/ml by addition of the required amount-to
the bath resulted in an increase in basal active tension and resumption

of rhythmic activity. The potassium concentration was raised again to

| 11.4 mM énd rhythmicity disappeared. A further increase in phenylephrine
concentration to 6 x 10-5 g/ml raised the basal active tension but did not
restore rhythmicity and further increase in potassium concentration to
4.4 mM caused an additional increase in tension but no rhythmicity.

Thus elevation of potassium had a dual effect - an initial suppression of
rhythmicity without changing basal tension and a subsequent increase in
basal tension. In two experiments, after addition of cocaine (102 g/ml)
and phenylephrine (2 x 10~5 g/ml) the muscle exhibited rhythmic contractions
initially. However, as the basal active tension reached a maximum for the
dose employed, the rhythmiclity disappeared. Increasing the concentration
of potassium to 8 mM produced a slight decrease in tension and resumptioﬁf
of rhythmic contractions (Fig. 558). Further elevation of potassium
concentration to 14 mM abolished rhythmicity (not shown) as the basal
active tenslon increased. Fig. 55C shows the results of another experiment
in which, after rhythmicity was induced by phenylephrine in the preseﬁce
of cocaline, progressive increase in potassium concentration resulted ih a
progressive decrease in the amplitude of the rhythmic contraction - with

a slight decrease in basal active tension but with higher concentration
(11.2 mM) of potassium accompanied by an increase in basal active tension

back to the level before adding potassium. Any further increment‘in




Fige 55

‘level of the bathing medium was lowered at X so as

Rhythmicity in spleen strips.

A. Rhythmicity due to cocaine (COC) after contraction
was induced by phenylephrine (PE). Addition of

KC1 (K) to obtain a final concentration of 8.4 mM
stopped rhythmic activity with slight decrease in
basal active tension. Addition of PE restored rhyth-

~micity which was blocked by an increment in K concen-

tratlon. Further addition of PE increased tension
but did not restore rhythmicity. Increasing K
concentration to 14.4 mM further increased tension
but did not restore rhythmicity.

Bs Addition of PE in the presence of COC caused an
increase in tension. Rhythmic contractions super-
imposed on the slow phase finally dlsappeared.

Addition of KC1 decreased tension and restored rhythmic
contractions, ‘

Ce Effect on rhythmicity induced by COC (10-5 g/ml)
+ PE (2 x 10-5 g/ml) of addition of K to the bathing -
medium, .

D. After rhythmicity was induced by COC + PE, the
to expose half the muscle to air. The amplitude of

contractions remained unchanged although the basal
active tension decreased slightly. '
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potassium concentration abolished rhythmicity while increasing the basal
active tension, In Johansson and Bohr's (1966) study, elevation of |
potassium (30 mM) was also found to decrease rhythmicity of strips obtained
from subcutaneous arteries when the initial active tension was high. This
was assoclated with a decrease in frequency of rhythmic contractions.

When the initial active tension was low, addition of potassium resulted

in an 1pcrease in tension and rhythmicity; the latter never occurred in
any experiment on spleen strips. The present experiments indicate that
rhythmic contractions are produced only by a limited range of concentrations
- of sympathomimetic agents and these are affected by alteration in the eitré-l
‘cellular concentration of potassium.

c) Conduction of activity in rhythmically acting spleen strips

Rhythmic contractlons of smooth muscle generally indicate single
unit behaviour. This means that activation of smooth muscle cells of one
part of the tissue should result in propagation of excitation to other
parts of the tissue and activation of the cells there. The following
experiment was designed to test this point. Rhythmic contractions were
induced in pairs of spleen strips by addition of cocaine and phenylephrine.
After the contractlons had become uniform, the'medium in one of the baths |
was lowered so that only half of the strip Wés exposed to the solution
while the other half was exposed to warﬁ moist alr above the medium. If
the pacemakers initiating the rhythmic contractions existed in the lower
half of the strip (bathed by the medium) and if the rhythmic strip was

capable of conducting the excitatory wave of depolarisation arising from
| the pacemakers, then the upper half of the strip should still contract

rhythmically and the total magnitude of the rhythmic contraction should
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 not be alteied. On the other hand if the conduction failed, the amplitude
of rhythmlc contractions should be reduced by about half, Einally, if

~ the pacemaker cells were in the region of the strip exposed to air, the
rhythmic contractions might be completely abolished as the limited amount
of the agbnist in the solution present on the muscle as a thin film waé
metabolised by enzymes. In this case, even though the muscle exposed to
the medium could conduct an impulse, no rhythmicity would be seen. Thus

a decrease or abolition of rhythmicity does not necessarily rule out single

unlt behaviour of the muscle. On the other hand persistence of the

undiminished rhythmic contractions would strongly support this possibility.
When the level of the medium surrounding the rhythmically contracting
strips was lowered to expose half of the strip to air, the basal active
tension invariably decreased steadily.. In 2 out of 6 experiments the
amplitude of rhythmic contractions was maintained, in 1 experiment the
amplitude was diminished, and iﬁ the remaining 3 muscles the rhythmicity
was abolished. Fig. 55D shows the result of the experiment in which the
rhythmicity did not diminish in amplitude.

d) Myogenic response

Most known single unit muscles exhibit a peculiar phenomenon
known as myogenic contraction. In this, a muscle when stretched
rapldly responds by an increase in tension or shortening. Spleen strips

from 5 different cats under 1 g resting tension returned every time in

over 20 tests to their original level of tension slowly after rapid stretch
(Fig. 56A, lst and 2nd responses). The strips were then exposed to cocaine
(10~5 g/ml) and noradrenaline (10-8 g/ml). The strips showed either a

simple increase in tension and no rhythmicity or an initial rhythmicity
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and increase in tension which gradually disappeared. If the strips were
rapldly stretched at this stage the muscle developed a transient increase
in tension over and above the resting tension of 1 g (Fig. 56A, 3rd and

Lth responses). This occurred in every one of nearly 30 tests. In other

. strips in which the rhythmicity was regular and maintained, stretch was-
applied before an expected contraction. Again an active increase in
tenslon occurred and a long pause was seen before the next spontaneous
contraction odcurred (not shown). When cocaine and noradrenaline were

washed out (Fig. 56A, 5th and 6th responses), myogenic responses could

not be elicited in 90% of the tests.

e) Effect of altered calcium concentrations and of substances

altering calcium utilisation on the rhythmic contractions

in spleen
Calcium ions are believed to play an important part in carrying

the lonic current responsible for action potentials in smooth muscle,
Whether the lons are derived from the extracellular (? loosely bound
store) or from the tightly bound store is still not clear. The effect of

decrease in external calclum on rhythmicity was therefore studied as

followss Rhythmic contractions were produced by noradrenaline in 3 spleen
strips treated with cocaine (1075 g/ml). When the contractions became
regular, EGTA (1 mM) was added to the bathing medium. This was expected

to reduce the free Ca™ concentration of the medium to approximately 1.5 mM.
Such reduction of avalilable calclum has been shown by the experiments
described earlier not to affect either phase of contraction due to ﬁoradren—

aline. EGTA dld not appreciably influence the basal active tension of the

strips. However, the rhythmic contractions almost completely disappeared



Fig. 560

Rhythmic contraction of spleen.

A. Quick stretch (gs) applied to resting spleen
strip did not cause rebound increase in tension.
After cocaine (COC) and noradrenaline (NA) a slight
increase in tension but no rhythmic contractions
were seen. ¢s now caused a marked rebound increase
in tension., Washing out the drugs abolished rebound
contraction due to gs.

B« Rhythmlcity was induced in a spleen strip by nor-
adrenaline (NA) in the presence of cocaine (COC).
Addition of EGTA nearly abolished rhythmicity but
had very slight effect on basal active tension.

Small abortive rhythmic increase in tension was seen.
Addition of CaClz restored rhythmicity contractions.

C. Rhythmicity induced as above was diminished by
MnCl,.
2

De Rhythmicity induced as above., ZnCl2 had a very
slight inhibitory effect. ST
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(Fig.'56B). The residual contractions appeared to be tiny and:aboitive
and had a frequency similar to the contractions befbre addition-bf_EGTA.
Addition of calcium chloride (1 mM) restored rhythmic activity.

Similarly manganese chloride, which preferentially affects the
utilisation of loosely bound calcium for producing the slow phase of con-
traction in the spleen due to noradrenaline, markedly diminished the
rhythmlc contraction in each one of 4 experiments (Fig. 56C). On the .
other handvzinc chloride in a concentration of 0.4 mM, which preferentially -
affects tightly bound calcium stores, had a much smallér effect on the
- rhythmic responses (Fig. 56D). in a similar number of experiments as the
above. A higher concentration of 1 or 2 mM decreased rhythmicity every
time (not shown). Such high conceﬁtrations, however, also affect the
utilisation of loosely bound caleium to some extent,as seen earlier.’

f) Effect of tetrodotoxin

~ Action potentials produced due to an increase in membrane
permeablility to éodium are abolished by tetrodotoxin,without many exceptions.
Increasing amounts of tetrodotoxin were added to two spleen strips made |
~rhythmic by cocaine (10~5 g/ml) and phenylephrine (2 x 10~5 g/ml). Con-
centrations of tetrodotoxin up to 5 x 10-6 g/ml failed to abolish rhyth-
- micity (Fig. 57A) in 3 experiments. ‘This concentration is 50 times greater
than that required to abolish action potentials ih.the guinea-pig diaphragm
(Kuriyama et al., 1966).

g) Effect of temperature and hypertonicity on rhythmic contractions

After rhythmicity was produced in 3 strips using the procedure

mentioned above, the temperature of the bath was lowered in steps. Fig. 57B »

shows the effect of moderate lowering of temperature by 7°C. This resulted
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'in a decrease in the frequency and amplitude of contractions. These

effects Wwere reversed on restoring the temperature of the medium to 37°C.v
Solutions made hypertonic by sucrose are well known to abolish

conduction rhythmicity in single unit muscles (Dewey and Barr, 1968;

- Tomita, 1966b). Addition of sucrose (120 mM) to the medium bathing the

rhythmically contracting spleen strips abolished activity.

h) Effect of inhibition of sodium pump on rhythnicity

Daniel and Chapman (1963) have suggested that rhythmic fluctua-
tlon in the activity of an electrogenic sodium pump may be responsible for
~osclllations in the membrane potential. It is conéeivable that such fluc-
tuatlons may be reéponsible for rhythmic contractions. Accordingly the

effect of removal of external potassium and of the consequent inhibition

of the sodium pump on rhythmicity was studied (Fig. 57D). After the spleen

 strips were made rhythmic with cocaine and noradrenaline, the Krebs-Hense-
- leit bathing medimm was changed to a prewarmed, K-free medium containing
the same concentrations of cocaine and noradrenaline as the previous
solution. The tension increased and rhythmicity disappeared in each one
of three experiments., Addition of 5.4 mM potassium chloride caused a -
decrease in tension and resumption of rhythmic activity.

These results suggest that spleen strips which ordinarily do not
behave as single unit nuscles can be made to do so by several procedures.
The rhythmicity does not seem to depend on sodium influx but a loosely
bound source of calcium seems to be necessary. Reduction of external
-potassium concentration, which does not increase noradrenaline responses
in normal spleen strips, increases the tension and abolishes rhythmicity

when the latter is present. This suggests that an increased activity of




Fig. 57.

Rhythmic contraction of spleen,

A. Rhythmic contraction induced in coc&%ne (10-5 g/m1)
treated spleen by noradrenaline (3 x 10~° g/ml)., Tetro-
dotoxin (TTX) did not block the rhythmic contractions.

B. Rhythmic contractions obtained as above. Reduction
of temperature from 379C to 30°C decreased frequency of
rhythmic contractions. Further lowering to temperature
to 23°C (not shown) stopped rhythmic contractions.

C. Rhythmic contractions elicited as above and abolished
by addition of sucrose (120 mM).

D. Rhythmlc contraction produced in cocaine (10~2 g/ml)
treated spleen by noradrenaline (10-7 g/ml). Replace-
ment of the Krebs-Henseleit bathing medium with a K-free
solution containing the same concentration of noradren-
aline (X) resulted in an increase in tension and abolition
of rhythmic contractions. Restoration of normal potassium
concentration (5.4 mM) caused a decrease in tension and
restoration of rhythmic contractions. : ’
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an electrogenic sodlum pump may be prevailing in such tissues.

1) Electron microscopic examination of spleen capsule

The absence of spontaneous rhythmicity, myogenic response and

also the lack of rhythmicity when stimulated with agonists in normal spleen

| sugéest that it is probably functioning as a multiunit smooth muscle. On
the other hand under the influence of cocaine, reserpine or 6-hydroxydopa-
mine, the_same tlssue assumed a behaviour characteristic of single unit
nuscles. Dewey and Barr (1962) showed that the close functional communi-
cation between single unit smooth muscle cells was due to the presenceiof.
tight junctions between adjacent cells. These areas of membrane fusion
or close membrane appositioh were called nexuses. If splenic muscle
ordinarily functions like a multiunit smooth muscle then it should be
devoid of nexuses. It was therefore surprising to find that 'tight
. Junctions' did exist among adjacent smooth muscle cells in the spleen
capsule (Fig. 58). Various kinds of these junctions appeared to exist.
The most commdn was one in which adjacent muscle cells extended processés
which interdigitated. In some reglons of these processes, the membranes
appeared to make a very close contact. Less commonly the membianes of
adjacent cells abutted against each dther. Under higher magnification
the two membranes appeared fused to each other with the loss of one-layér.
In spite of these tight junctlons, there was an abundance of
connectlve tissue which surrounded the muscle cells extensively. This
feature is typical of many multiunit muscles. The above picture suggests
that the splenic capsular smooth muscle in the cat possesses the morpho-
loglical correlates of a single as welllégng:it muscle even though

functionally the former cannot be shown, in vitro, except under artificial




Figc 58.

Electron micrograph of spleen smooth muscle cells.

Smooth muscle cells marked a and b are closely
apposed(in the region shown with an arrow)to form
a nexus, Processes from cells marked b and ¢ show
extensive interlocking (x 35000).

The inset (lower right hand corner) shows the region
of the nexus in greater magnification (x.54500).
The membranes of adjacent cells appear to be fused.
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conditions, Whether such situations result in formation of more tight

Junctions or in a primary decrease in the resistance between existing.

Junctlons or secondarlily as a result of an increased insulation of the 4

perijunctional region around the nexus is not known. This certainly

seems a frultful area for further research.




DISCUSSION AND CONCLUSIONS
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To maintain continuity and to explain the logical progression
of this investigation, several relevant facts arising from the experiments
have been discussed earlier in the 'RESULTS' section. Only those discus-
sions that have a more general bearing on the problems investigated will
be dealt with in greater length in this section.

Role of calcium in splenic capsular smooth muscle contraction and

effect on the various phases of contraction

The importance of calcium ions in mediating.gontractility of
muscles in general is well accepted, starting from the classic paperé of
Ringer (1880; 1882) on the effect of this ion on the heart. The demon-—
stration by Heilbrﬁnn and Wiercinsky (1947) that intracellular iﬁjection
of calcium into skeletal muscle of the frog caused contraction is one of
the most direct demonstrations of the role of calcium. More recently the
study of Ridgeway and Ashley (1967) in which an increase in the calcium
stimulated chemoluminescence of intracellularly injected aequorin in the
glant muscle fibre of the barnacle was seen during muscle contraction,
was a further.confirmation of relationship between intracytoplasmic free
calcium and muscle contraction. The necessity of calciuﬁ in smooth
muscle contraction due to a variety of stimuli has been established in
experiments.where addition of calcium to glycerinated muscle fibres
caused contraction (Filo et al., 1965) or the removal of calcium from the
external medium resulted in loss of responsiveness of smooth muscles to
stimuli (Waugh, 1962).

It has long been known that removal of external calcium does

not decrease muscle responsiveness to all stimulants equally. For ex-

ample, removal of external calcium abolished the responses to potassium
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in the guinea-pig taenia coli (Durbin and Jenkinson, 1961), rabbit
aortic strip (Mdgins and Woiss, 1967), rat uterus (Bdman and_ Sehild,
1962) faster than the responses to acetylcholine, noradrenaline and

acetylcholine. This led to the proposal that different agents made avail-

able either loosely bound (extracellular) or tightly bound (intracellular)
pools of calcium (Daniel, 1963; Waugh, 1962; Hinke, 1965; van Breemen
et al., 1966; Hiraoka et al., 1968). Daniel (1965) proposed that the

various functional pools of calcium might operate independently of one

another or in a coﬁpled manner in series. OQur initiél results with the
‘spleen, in which stimulation with noradrenaline, isoprenaline and hist-
amine resulted in isometric contractions which consisted of an initial
fast and a subsequent slow phase, prompted us to investigate the mechan—
ism of production of these two different phases,

The presence of two distinct phases of contraqtionIWith nor-
adrenaline and iédprenaline which act on the alpha-adrenoceptors in the
cat spleen (Bickerton, 1963) and histamine which acts on a different
kind of receptor (Innes, 1962) suggested that the phénomenon'#as fairly

general. MOreovei; the absence of two phases in contraction produced by

potassium - an agent which, unlike noradrenaline, does not have much
effect on the tightly bound calcium pool (Hinke, 1965)Asuggested that an
analysis of the different phases of contraction might result in a possible

correlation with fhe manner of utilisation of the various calcium poolé

for contraction. Before going further it was necessary to eliminate the
possibility of the two phases being artefacts of uneven mixing of the‘
concentrated drug with the bathing medium. This possibility was easily

ruled out when it was seen that noradrenaline premixed with Krebs-Henseleit
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solution also produced two phases.

Another source of objection can be the lack of an absolutely
non-compliantvmaterial to connect the spleen strips to tﬁe transducers
in these experiments. Such a situation would lead to distortion of the
recorded mechanicai effects. However, if this were the case, it is the
rapid phase which should be attenuated most. In the experiments in which
the effect of different concentrations of noradrenaline §n the two phases

were studied, it was found that the smaller_contractions'produced by low

concentrations of the agonist consisted of a proportionately lafger
amount of fast phase compared to responses obtained with higher concen-
trations of the agonist. This shows that the two phaseé of contraction .
are not mechanicél artefacts due to the connecting terylene thread and
indeed if there is any distortion of the fast phase due to the thread,
it is insufficlent to mask the phase to any significant ektent.

With the two phases of contraction established as a reflection
of some functional aspect of spleen strips it was necessary to consider

if the different phases represented rates of contraction of a population

of similar muscle cells or whether there were two ﬁopulations'of musclé
cells. If the latter was true and if these two populations were not
homogeneously distributed, then spleen strips cut in different directions
would have shown.differences in the proportion of the two phases. Since
we found no such difference in our experiments to test tﬁis point we
therefore cannot determine whether the cause is a single population of -
muscle cells of two populations distributed homogeneously. The production
of greatest active tension change in the longitudinally cut strips cor-

relates with the histological finding that most of the muscle-cells were
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aligned longitudinally.

Muscle contraction is a result of a serles of events culminating
in a response of the contractile proteins. It was cléafly necessary to
determine whether the two phases of contraction weredue £ovfactors related
to the reSponsiveﬁess of the contractile proteins or some earlier step or
steTs in the process. It is well known that the acti&e tension produced
by muscle increases when the resting tension muscle is increased up to a
certain limit. This is most likely due to change in the position of
actin and myosin filaments in relation to each other (Huxley and Peachey,
1961; - Gordon et al., 1966).

Spleen strips subjected to resting tensionslranging from 0.5 g
to 3 g produced the largest active tension in responsé to noradrenaline
with the resting tension at 1 g3 the active tension was COnsiderably
less when resting tension was either increased or decieased further. 'In
spite of marked’changes in active tension production, the relative pro-
portions of slow and fast phases did not change significantly. This
suggests that these were limited not by the'contractile~pfoteins but by
some earlier step(s). a

The factors regulating the magnitude of fast and slow phases,
which appear to bé related to some early step in the chain of events
causing contraction could be different rates of utilisation of calcium
from multiple poéls or different rates of attainment of equilibrium of
drug concentration in the vicinity of the alpha—adrenoceptors (biophase)
and the bath or both. Factors which can affect the concentration of an
agonist such as noradrenaline in the blophase are the concentration

gradient and the rate of inactivation of noradrenaline in the biophase.
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The latter is belleved to be limited mainly by the rate of re-uptake of

the agonist into nerve endings (Iversen, 1967).

In order to test the first possibility, sPleenistrips Wwere
stimulated with noradrenaline in the presence of différent low concentra-
tions of external calcium. No significant change was-seen in either phase
even when the calcium concentration was reduced from 2.5 mM up to 0.8 mM,.
Further reduction of calcium concentration to 0.1 mM resulted in a pref-
erential decreasé‘in the slow phase. Finally, prolonged exposure to a
calcium-free medium abolished the residual slow phase éﬁd also the fast
phase., Elevatioﬁ of intracellular free calcium is acéepted as the pre-
requisite for contraction, and it is therefore expected that removal of
calcium should decrease contractility. Since the slow ﬁhase is more
readily affected by reduction of extracellular calcium, this phaSe seems
to depend upon either the extracellular water as a source of calcium or
an internal poql of calcium that is readily in equilibriﬁm'with the extra-
cellular space. As a corollary, the fast phase of noradrenaline response
probably relies on a pool of calcium that is not so easiiy affected by
alterations in extracellular calcium concentrations.

In contrast, the contraction produced by high concentrations
of potassium in reserpine treated spleen strips seems to have a single
phase. It could be argued that if the potassium—induced contraction had
two phases very close to each other they would be indistinéuishable from
a single phase. If this were true then stepwise reductidn of external
calcium should, by affecting any slow phase preferentially, dissociate
the possible two phases. This never happened. Instead, the contractions

progressively decreased in size without unmasking two phases. In experi-
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ments where the slow phase of the response to noradrenaline was selec-
tively decreased by exposing the muscle to the agonist after a brief
reduction of external calcium with EGTA (15 mM), the residual response
to noradrenaline was equal to or slightly greater than the fast phase of
the control contréction obtained in Krebs-Henseleit soluﬁion.' On the
other hand the response to potassium was markedly decreased.. The small
residual response may either represent a slight effect of potassium on a
tightly bound pool of calcium or an incomplete removal by EGTA of extra-
cellular calcium.

Daniel (1963) proposed that the loosely bound calciuﬁ pool was
not in the extracellular water but in a superficial site in the membrane,
basing his conclusions on calculation of diffusion times énd rates of
loss of contractility of rat uterus to acetylcholine in a calcium-free
medium. The presence of ground substance outside the cell membrane
proper, makes this suggestion likely. This concept is supported to some
extent by the present findings that the fastest rate of efflux of an
extracellular marker, sucrose-luc, was 1.8 min comparéd'to that of'45Ca‘
which was 4.3 min. Again, when the loss of sucrose from the strips waé
considered with the loss of slow phase in a low calcium médium (0.1 mM),

14

about 92% of the rapidly emerging compartment of sucrosé- C had been

lost at the end of 5 min in contrast to only 50% of the rapidly emerging
compartment of 45Ca. In strips exposed to a low calcium medium (0.1 mM)
for 5 min the sloﬁ phase decreased by 48.2%. This correlates reasonably
well with the 50% decrease in the rapidly emerging 450& coﬁpartment, al-
though itris possible that In a calcium-free medium the rate of loss of

slow phase might have been somewhat faster, Nevertheless the discrepancy
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between the rate of loss of u5Ga and sucrose-luc is considerable. In

the 0.1 mM calcium contalning solution, the predominant decrease in slow
phase was accompanied by a decrease in total tissue calcium content. The
decrease in calcium was greater than what could be accounted for by a
decrease in the calcium content of the extracellular space only (i.e. net
loss of tissue calcium occurred). It was estimated that a 61% decrease
of the slow phase and 18% decrease of the fast phase was associated with
a loss of 0.42>mM/kg tissue wet weight of calcium, aftef‘making allowance
for the decrease in concentration of calcium in the e#tracellular space.
An additional loss of 0.34 mM/kg tissue wet weight of calcium was associ-~
ated with the loss of 82% of the initial fast phase and 39% of the initial
slow phase when the strips were placed in a calcium-free medium.* Making
gross approximatlons, the pool of calcium responsible forvthe slow phase
appears to be somewhat in excess of 0.42 mM/kg while‘the pool responsible
for the fast phase is about 0.34 nM/kg.

Daniel (1965) estimated that the total calciﬁm fraction related
to contractility is 0.2 nM/kg tissue wet weight. Our estimates a:é higher
ﬁhan those in the above study. However, if the different:pools of calcium
were being independently lost into the extracellular space and if there
ﬁere a pool that was unrelated to contractility, then it would be very
easy to overestimate the fraction of calcium utilised for contiaction. .
The calcium content of spleen strips (1.75 mM/kg tissue wet weight) incu-
bated in Krebs-Henseleit solution are somewhat lower than that in the
guinea-pig taenia coli, 2.5 mM/kg (Bauer et al., 1965) but similar to
that of frog stomach muscle, 1l.54 mM/kg (Bozler, 1963) and canine trach-

aelis muscle, 1.6 mM/kg (Kroeger, 1970). However, the calcium concentration
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in the bathing media in the studies cited above varied by as much as
1.25 mM. This can cause a discrepancy of 0.25 mM/ke, ifban extracellular
space of 20% is assumed.

The method of measurement of the slow and fast‘phases is of
considerable importance. The two phases were dissociaﬁed by measuring
the contraction due to noradrenaline in the presence ofiEGTA (15 mM) and
2.5 mM calcium.in the medium. This resulted in a contraction which was
not sustaihed. 'The peak of this contraction was similéf’in magnitude to
the fast phase of the contraction due to the same concentration of the
agonist in Krebs—Hénseleit medium alone, In another.series of expériments
the tissues were depleted of calcium uﬁtil no response to noradrenaline
occurred. On festoration of calcium (2.5 mM) in the presence of noradren-
aline the preparation responded with a single phased contracfion‘whiéh was
nearly equal in magnitude to the contraction that occurred in Krebs-
Henseleit solution. The contraction occurring on restoration of extra-
cellular calcium was assumed to be similar to the sloﬁﬂphase of the nofmal
contraction to the agonist. When an'algebraic summatidﬁ of the peak of
the fast phase and.t