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Abstract

Cholinergic denervation, but not sympathetic denerva-
tion was shown to induce changes in the canine trachealis
smooth muscle similar to that observed in the presence of
tetraethylammonium or after metabolic depletion. Surrical
inhibition of the motor supply resulted in oscillatory con-

tractions of the muscle when stimulated with, carhachol

loride.

(2XlO'7M) or histamine (10”7N) but not potassium ¢
The phasic activity of the muscle continued in the
presence of tetrodotoxin but was acotely soncitive to altera-
tions in the calcium concentratior of tl o hatliins medium
Mechanical oscillations were redured and aboiinred in the

i

presence of a calcium LOTA buffer or =000 w ile the toric
component of the contraction wio rodnecod or 0 ATter Iar-or
doses were cmployed.,

Differentiation of the moch-rical tracins stowed that
the oscillatory behavior of the muscis was hiphasic, consist-
ing of short rapid oscilations suverimposed on the slow mech-
anical contractions. Further investiration rave evidence
which suggested that the two components mirht be due to dif-
ferent pools of calcium or that calcium mirsnt work in con-
Junction with chloride to produce the binhasic resnonse.

The myogenic response observed upon auick stretch of
the denervated tracheal muscle surcests that the surprical

vil




i

treatment of the muscle sets up the conditions necessary

for this phenomenon. Such a response 15 obsorved only

after the denervated muscle has been stimulated with the
appropriate asonist and was never observed in the innervated
or unstimulated denervated preparation. It wonld appear
that surgical denervation of the motor supnly 1s responsible
for a conversion from a multiunit type to a sincle unit tvpe
muscle.

Fluctuations in ATP have been implicated in the phasic
activity of some muscles, (Westfall, 1975) and it has been
suggested that variations in the ATP content may be, at least
partially, responsible for observed alterations in ilonic
fluxes (Gradman and Slayman, 1975; Snerclalkis and Schnelder,
1976). bvidence of a decreased ATD content in the denervated
tracheal muscle was found, howevor, tre correlation between
this decrease in ATP content and *le phasic activity of the
muscle can only be surmised.

Inhibition of the active pnrmping nrocesces within the
muscle, by cooling or throuch the administration of ouabain,
had an inhibitory effect on the oscillatory niture of the
denervated preparation. It is unlikely, however, that the

5

electrogenic sodium pump is entirely responsible for the
rhythmicity since the peak tension observed, after cooling
or the administration of ouabain, does not reach the peak

tension observed while the muscle 1s rhythmic.

viill



Many of the changes observed in tracheal smooth mus-
cle following motor but not inhibitory denervation are sug-
gestive of a conversion from a multi to a single unit type
muscle. These changes are similar to those seen in tracheal
smooth muscle made rhythmic by substrate deprivation. The
precise mechanism responsible for the oscillatory nature of

this preparation remains to be elucidated.
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Chapter 1

INTRODUCTION AND HISTCRICAL ReVIEW



Fibrillatory or rhythmic hehavior of muscle (striated
or smooth muscle) is not a recently observed phenomenon. Such
fibrillatory activity in striated muscle was first observed
by Schiff in 1851 after motor denervation. le observed that
the onset of rhythmic activity was variable, depending on the
muscle and species studied and that this activity could be
recorded for up to a year after dencrvation (Cannon, W.B. and
Rosenblueth, A., 1949). Similar accounts of rhythmicity in
striated muscle have been reported by Philipeaux and Vulpian,
1863, Heidenhain, 1883, Tower, 1939, kccles, 1941, Purves,
1974, Thessleff, 1975, Camerino and Bryant, 1976 (Cannon,
and Rosenblueth, 1949; Purves and Sakmann, 19743 Camerino
and Bryant, 1976a, 1976b).

The intrinsic spontaneous activity of tnhe smooth muscle
of the alimentary canal has been observed for some time, De-
tailed descriptions of the mechanical and electrical behavior
of the rhythmically active gut have been published in essays
by Klee (1927), Dietlen (1913), Kaufmann and Yienbock (1911),
Trendelenburg (1917), and more recently by Prosser (1971,
and El-Sharkawy and Daniel (1975). The mechanical oscilla-
tory nature of many vascular smooth muscle preparations 1s a
well known phenomenon and is best described in fairly recent
reviews by Somlyo and Somlyo (1968 and 1970).

The story of airway smooth muscle rhvthmicity or per-

istaltic movement is certainly one of interest, especinlly



when one considers that tracheal smooth muscle is generally

classified as a tonic muscle that rarely responds to a &
stimulus with phasic contractions. Early reports of tracheal

and bronchial rhythmicity, in both whole animal and isolated

tissue preparations, would tend to disagree with this gen-

eral assumption. Rhythmic behavior, in tracheal and bron-

chial smooth muscle, was recorded by a plethysmographic

technique in 1903 by Dixon et al. It is especially interest-

ing to note that agents like pilocarpine and muscarine were

observed to potentiate the oscillatory nature of this smooth
muscle after vagotomy (Dixon and Brodie, 1903). Examination
of the trachea and large bronchi, with the help of a broncho-
scope, enabled Jackson in 1917 to see the rhythmic behavior
of airway smooth muscle. He described in some detail the
various oscillatory movements, the major type being a to-and-
fro motion toward and from the bronchoscope as well as a
number of lateral movements of the airway muscle. IMuch, if

not all, of this rhythmic activity was attributed to extrin-

sic mechanical forces exerted on the bronchi and trachea via
the lungs during inspiration and expiration and the cardio-
vascular system (Bllis, 1936). This is refuted by early
X-ray studies by Bullowa (1920) and Reinburg (1925), who
described the peristaltic activity in both man and dogs.
Both investigators describe three types of movement in the

trachea. The first is a lateral movement and the second is



a "bellows-like" expansion and contraction. These are at-
tributed to purely mechanical forces from the heart and the
inspiratory and expiratory movements of the lungs. The
third type of movement i.e. peristaltic waves of low ampli-
tude, were observed to travel up the trachea and reported

to be independant of coughing, respiration and swallowing
(Bullowa and Gottlieb, 1920; Reinberg, 1925). Such move-
ments are claimed to be slower than those observed in the
cough reflex yet too rapid for ciliary action. This peris-
taltic action has on occasion been shown to be quite pro-
nounced, even to the point of being termed "tracheal vomit-
ing" (Reinberg, 1925). A number of investigators have at-
tributed this rhythmic behavior in the trachea to pathologi~
cal conditions. HReinberg's observations were based on a
patient diagnosed as having "paralysis of the recurrent
nerves! (Heinberg, 1925), while Macklin claims that the per-
istaltic activity in the tracheas that he had observed were
probably due to pathological conditions (Macklin, 1929).
Along with these pathological conditions various changes in
the physiological state of the preparation were observed to
enhance the spontaneous contractions. Asphyxia, changes in
temperature, bilateral vagotomy, histamine and cholinergic
agents initiated or potentiated the rhythmic response (Lllis,
1936; Sollmann and Gilbert, 1937; Wish, 1952; Loofbourrow,

et al, 1957).
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Althourh little is known about the caune(s) or mech-
anism(s) of action underlyin~ the peristaltic activity of
the trachea, it has been suppested that the oscillatory be-
havior of the airway smooth muscle should not be too surpris-
ing, since it has a common derivation with the intestinal
tract. It is also proposed that the motor innervation, by
way of the vagus, and the presence of ganglia within the
smooth muscle may possibly correspond to the ranglia of
Auerbach and Meissner in the gut (kFacklin, 1929; Sollmarn and
Gilbert, 1937). Althouch this is a pleasing theoretical pos-
sibility it fails to take into account the specinlization of
tissues during embryological development.

The functional sirnificance of tracheal rhythmicity 1is
still unknown. It is doubtful that it is of any benelit in
expectorating substances from the airways since these oscil-
lations are usually not powerful enoush and ghe courh reflex
appears to satisfy this function adeavately (" iddicombe, 1963).

In 1948 Bozler subdivided smooth muscle preparations
into two tvpes, single unit and muitiunit. Jiresle unit mus-
cles were those that had low electrical resistance between
adjacent cells, propogated electrical activity within the
tissue, spontaneous rhythmicity and mvo~ernic contractions
in response to stretch; while single unit musclies are sparsely R
innervated yvet have a relatively larse number of nexuses or

tirht-sunctions (Westfall, et al, 1075). 1t hns been pro-
=) ) b L



posed that these nexuses represent low resistant pathways

for the propagation of electrical activity (Somlyo and
Somlyo, 1968a and 1970; Prosser, 1974; Westfall, et al,
1975) . Singleunit muscles on thc other hand are usually
more densely innervated and reported to have fewer nexuses
(Mekata, 1971; Westfall, et al, 1975). If each cell or
group of cells has it's own innervation then there would be
little need for the propagation of electrical actilvity.
This may account for the graded response seen in multiunit
muscle,

The classification of smooth muscle into spike generat-
ing (phasic) and gradedly responsive (tonic), is not based
solely on electrophysiological studies. The potassium con-
tractions and apparent membrane permeabilities to calcium
(Ca**) of the phasic muscles and the tonic muscles, are re-
ported to be quite different (Somlyo and Somlyo, 1968a) .
Clearly, some smooth muscles would not conform completely
to either one or the other categoryv. 1t is reasonable to
assume, therefore, that some smooth muscles may exhibit
various shades of single or multiunit behavior (Somlyo and

Somlyo, 1968a; Somlyo and Somlyo, 1968b).

Ultrastructure

Microscopic examination of smooth muscle cells reveals

0
a distinct membrane, about 80A thick, surrounding each cell



with no evidence of direct cytoplasmic continuity between
adjacent cells, Each cell has a central elongated, ellip-
soid nucleus, often containing one or two nucleoli (Somlyo
and Somlyo, 1968a). 1In areas of close apposition or nexus
the fused membrane of adjacent cells lack a basement membrane.
These intercellular connections provide a means of direct
transfer of information from one member of a given cell popu-
lation to another of the same or to a different cell popula-
tion. Since electrical transmission would be impossible
over large intercellular distances due to short circuiting
by the extracellular fluid (ECF), the nexuses would provide
a low resistance pathway for conducting action potentials
(AP), (Somlyo and Somlyo, 1968a; Prosser, 197L; Daniel, 1978).
Available evidence indicates that there is a good positive
correlation between the presence of nexuses and conducted
action potentials. In addition to these nexal regions there
are also peg and socket type of interdigitations and gap-
junctions found along the membrane. These may serve to
greatly increase the surface area of the cell and possibly
aid in cell to cell communication (Somlyo and Somlyo, 1968a;
Bose and Innes, 1974).

It has been reported that these structures are found
in far greater numbers in single unit muscles (Somlyo and
Somlyo, 1968a) and may be only sparsely distributed or even

lacking in some multiunit muscles (Mekata, 1971).
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Small vesicles aré found in large numbers along the
inner side of the smooth muscle membrane, These small bodies
are known to accumulate Ca’” in concentrations equal to that
of the ECF and, therefore, several times greater than that of
the myoplasm. They éppear to be rich in ATPase and may be
involved in the relaxation process by means of removing Ca
from the myoplasm, (Somlyo and Somlyo, 1968a; Prosser, 1974).
Because these vesicles greatly increase the surface area of
the membrane they could provide binding sites for both the
release of calcium into and the reuptake of calcium from the
cytoplasm (Van Breemen, et al, 1972). It has been suggested
that these vesicles may be smooth or rough endoplasmic reti-
culum or even pinocytic vesicles detached from the muscle
membrane (Somlyo and Somlyo, 1968a). Because they are not
fixed structures, but communicate freely with the ECF, 1t 1s
possible that they are concerned with the maintenance of
intracellular calcium levels. The mitochondria in vascular
smooth muscles are often in close apposition to the surface
vesicles, and it has been suggested that cations accumulated
by mitochondria may be extruded into the extracellular
space through the surface vesicle-mitochondrial contacts
(Somlyo, et al, 1974; Somlyo and Somlyo, 1976).

In addition to the round vesicles communicating with
the ECF there is also a 'closed vascular-tubular system",

at least in some of the spike generating smooth muscles.



Some of these closed tubules and vesicles appear to make
contact with the open pinocytotic vesicles. 1t has been
suggested that they function analogously to the triads of
skeletal muscle and are involved in intracellular trans-
location of calcium (Somlyo and Somlyo, 1970). It should
be mentioned too, that the number of these vesicles can be
easily overestimated. During histological preparation of
the tissue, sections may be taken transversely through mem-
brane invaginations or sockets, thus giving false estimates
of the number and location of these vesicles.

The sarcoplasmic reticulum (SR), is a system of tub-
ules present in most, and probably all, smooth muscles. The
amount of SR is relatively small in comparison with that
found in striated muscles. Tubules of the sarcoplasmic reti-
culum lie very near the inner cell membrane; separated by a
gap of only a few nanometers (Somlyo and Somlyo, 1976). It
has been suggested that these are sites where actlon poten-
tials may release calcium activating twitch contractions
(Somlyo and Somlyo, 1971). The volume of sarcoplasmic reti-
culum differs in different tyvpes of smooth muscle and it's
extent correlates with the ability of a given smooth muscle
to contract in the absence of extracellular calcium. Even
in calcium free solutions drugs can elicit relatively large
contractions in the smooth muscle of large elastic arteries

in which the SR occupies approximately 5-7.5% of the cyto-



plasmic volume. Portal-anterior mesenteric vein and taenia
coli smooth muscle contain an 5R of only 1-25% of the cyto-
plasmic volume and such muscles ~enerally fail to contract
in calcium-free medium (Somlyo and Somlyo, 1970; Devine, et
al, 1972; Popescu, et al, 197k; Somlyo and Somlyo, 1976).
The contractile mechanism in smooth muscle appears to
be based on the sliding of filaments in a mamner fundament-
ally similar to that of striated muscle (Somlyo and Somlyo,
1970; Somlyo and Somlyo, 1976). Althourh it has been diffi-
cult to isolate and identify these filaments, recent work oy
Somlyo and Somlyo, 1976, has shown that a thin actin, a thick
myosin and an intermediate filament are present in most if
not all smooth muscles. The myosin filaments, which are in
parallel and arranged in contractile units, arc longer than
those in striated muscle, This may be why smooth muscle can
develop tension at least equivalent to that developed by
skeletal muscle, in spite of the reclatively low concentra-
tions of myosin in smooth muscle. The thin (actin) fila-
ments are observed to be inserted into the cell membrane and
in the dense bodies which are believed to act a5 anchor
points for these filaments. The averare ratio of thin to
thick filaments is approximatecly 16:1., Ivn the best organ-
ized examples of cross sections the thin filaments form a
rosette surrounding a central thick filament (Somlyo and

Somlyo, 1976). A third type of filament, frequently asso-



ciated with the dense bodies, has been described in a var-

r

iety of smooth muscles. ‘These structures are composed of

neither actin nor myosin and their function is basically

sl

unknown (Somlyo, et al, 1971; Cooke and Chase, 1971; Somlyo,
et al, 1973). 1In abnormal smooth muscle fibers these inter-
mediate filaments may replace larse proportions of the myo-

filament latice (Somlyo, et al, 1973).

Dense bodies are dark-staining spindle-shaped arcas

which vary in lencth from 4000 to 9000 §
0
2000 to 5000 A. They are often found close to or adhering

)

and in width from

to the cytoplasmic side of the membrane or dispersed with-
in the membrane (Somlyo and Somlyo, 1968a; Somlyo and Somlyo,
1976). A large proportion of these structures anpear to
have a function similar to that of the 7-line of striated

muscle (Somlyo and Somlyo, 1970).

Tracheal Smooth Muscle

The primary function of the smooth muscle of the lung
is to control the distribution of inspired gas enterine the
lung. Smooth muscle is distributed from the trachea down-
wards as far as the respiratory bronchioles out 1t's attach-
ments vary, so that the effects of muscle contraction are
different in the largest airways Ifrom the effects in the
smallest ones. The mass of muscle, in proportion to the

diameter of the ailrways, increases ns one goes distally

10




from the larynx to the lungs (Kamburoff, 1976).

In the trachea and main bronchi, which have complete
cartilagenous rings, the muscle is arranged circularly
being attached to the outer aspects of the tips of the
cartilage. Contraction of this part of the muscle can,
therefore, dramatically reduce the diameter of the trachea
and main bronchi. Changes in tracheal and bronchial dia-
meter occur during the respiratory cycle, dilating during
inspiration and contracting during expiration.

The muscle attachment to the cartilage disappears at
the level of the hilum of the lung and from then onwards
due to the direction of the muscle contraction, produces
not only narrowing of the bronchi but also longitudinal

shortening (Xamburoff, 1976).

Tracheal Innervation

The vagus nerves, in the dog, carry both sympathetic
and parasympathetic fibers and are ultimately responsible
for both the afferent and efferent impulses to and from the
trachea, The recurrent laryngeal nerves which arise from
the vagi, supply the parasympathetic or moter control, while
collaterals from the sympathetic trunk travelling with the
vagi provide the inhibitory control over the tracheal smooth
muscle,

There are parasympathetic ganglia throughout the

11



tracheo~broncheal tree as far as the alveolar ducts, but
their density in the small airways are reduced. For this
reason it was believed that the small airways were rela-~
tively unresponsive to vagal stimulation. Nore recent evi-
dence would suggest, however, that this is not the case
(Woolcock, 1969).

Studies in both animals and man have shown that stimu-
lation of irritant receptors in the airways by physical or
pharmacological agents results in a reflex broncho-~constric-
tion. This reflex is blocked by atropine, vagal cooling or
vagotomy which would indicate that it 1s mediated by the
parasympathetic nervous system (Gold, 1972).

In early life alpha receptors, (a-receptors), are
found in abundance in the dog tracheal smooth muscle and
their stimulation results in contraction. Beta adrenergic
receptors, (B-receptors), predominate with time and stimula-
tion of these results in relaxation of the tracheal smooth
muscle. Cholinergic receptors produce good contraction
throughout life and do not appear to change with time.
Adrenergic stimulants produce little or no contraction in
later life because of the predominance of B-receptors, how-
ever, if an alpha stimulant is added with a cholinergic
agonist an additive effect may be seen (Suzuki, 1976;
Pandya, 19760). |

There is some evidence in favour of a non-adrenergic,

12



non-cholinerpgic inhibitory response to nerve stimulation in
the trachea which may be due to stimulation of "purinersic!
nerves in which ATP has been surgested to be the likely
transmitter (Farmer and Parrar, 1076 . However, in Suzuki's
study of the dog trachea he finds no reason to suggest any
important role by such "purinergic' nerves (Suzuki, et al,

1976) .

Ionic Basis of the Smooth Muscle Resting and Action Potential

The ionic currents in the mombranes of smooth muscles
are dependant on the electrochemical potentinl cradients and
the ease with which the ilons may cross the cell membrane,
The nerve and muscle cell membrane is much more permeable to

3 (RS : st PR S I B 4n
potassium (K") than to sodium (Na ), and it is this property

which is the determinant of the membrane potential (lodekin
i [ b

1951; Hodgkin, 1958). The same principles hold true in smooth

muscle, with the essential difference that calcium and chloride

(C17) appear to play a much more prominant role in smootl
muscle. The equilibrium potential for a pgiven ilon is civen

by the Nernst kEquation:

RT . (x") R ) - .

Bgv = TLTTQ L = e o= M9 (X))
K F In KY) 31 Na* B b i 1n m@
i

Where EN represents the resting membrane potentinl, EY and

ENa the potassium and sodium eanilibrimm notentinls resnect-

13




ively, R is the gas constant, T is the absolute temperature,
F is Faradays constant and ( )o and )i represent the extra-
cellular and intracellular ion concentrations respectively.
This equation has been revised to take into account the per-
meability, P, of each ion in the membrane and is represented

by the Goldman Constant Field Equation:

. RT + (Na™)o -
.= oL In P, (K)o P — P (C17)1
E’I\I F K+T—TK* X + “Nat{Nat 51 + Yoy T T .

(Katz, 1966). 1In order to take into account the number of
sodium ions pumped out for each potassium ion pumped in, a

coupling ratio "r" was added to give the revised version:

+ e
EM = %I In PNa*‘%II\—\]E%F%Ci) +- TPYr‘g']}%_«‘}:

(Simmons, 1976). The assumption that chloride is passively

distributed and rapidly permeant is adapted as a matter of

convenience simplifying the mathematical treatment (Mullins

and Noda, 1963).

It follows from the equation for I, that a selective

I’
increase in membrane permeability to one ilon will shift the
membrane potential towards the equilibrium potential of that
ion, which will carry the membrane current in a direction
downhill to it's electrochemical gradient. This implies that
a selective change in ion permeability may depolarize or

hvperpolarize the membrane if the eguilibrium potential of
y jY ] I

the given ion is more positive or negative than the membrane

1L



potential. A non-selective increase in membrane permeabi-
lity will result in a downhill flux of all permeant ions
(Somlyo and Somlyo, 1968a).

In most excitable tissues, the resting membrane po-
tential, (1%q), is dependant on and determined by the pas-
sive distribution of potassium (Katz, 1966; Somlyo and
Somlyo, l968a;vSimmons, 1976). The resting membrane poten-
tial of smooth muscle is géncrally smaller than in skeletal
muscle and this may be due to the more prominant roles of
the other ion constituents involved. It is this relatively
low unstable potential which causes the spontaneous spike
activity in single unit smooth muscle (Somlyo and Somlyo,
1968a). As might be expected from the classification of
smooth muscle, the membrane potential deviates much more

from the potassium equilibrium potential (E,) than it does

K
in other excitable tissues depending on the type of smooth
muscle and the species being studied (Holman, 1958; Kuriyema,
1963; Simmons, 1976).

Any deviation of the recorded REHP from the calculated
eqﬁilibrium potential of the major contributings ion, signi-
fies a disequilibrium which must be maintained. Since the
maintainance of a diffusion potential (e.rs. of ") entails
passive diffusion down a transmembrane concentration gradient
of the ion, an active pump 1is necessary to counteract this

constant outward leakage of K". 1In addition there is a small



but significant permeability to external Na* and, there-
fore, Na' is constantly moving into the cell under the in-
fluence of the high driving force of it's electrochemical
gradient. This, along with the passive loss of K’ due to
the membrane's relatively high permeability to K™ would even-
tually abolish the Na” and XK' concentration gradients and
therefore, the membrane potential. It is, therefore, essen-
tial that some mechanism be involved to maintain the high K7
concentration inside and the low Na™ concentration outside
(Katz, 1966; Simmons, 1976). The extrusion of Na* and up-
take of K' against their electrochemical gradients appears
to be mediated by a system which has the properties of a
Na'-K" dependant ATP-ase, (Somlyo and Somlyo, 1968a). Of
the many mechanisms that have been proposed, it is generally
agreed that an electrogenic sodium potassium pump 1s in-
volved in at least some part of this activity.

Although the ratio of ions transported across the mem-
brane is variable, depending on the type of muscle being
studied, it is generally agreed that the pump is capable of
transferring more Na* than K" thus producing a net transfer
of outward charge which contributes to the EMP (Simmons, 1976).
It should be mentioned, however, that the contribution of the
electrogenic pump to the transmembrane potential is usually
very small, and some shunting does take place across the mem-

brane.
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Most of the recent evidence would lend support for

Y-k ATP-ase dependent pump. There

the existence of such a Na
appears to be an unusually high dependence of this system
upon external K®. Removal of extracellular potassium from
the bathing medinm results in a Q0% decrease in Na" efflux
from the tissue (Somlyo and Somlyo, 1968a). Ouabain and
metabolic inhibitors produce a rapid depolarization which
is abolished after removing these agents from the bathing
medium (Daniel, et al, 1962; Casteels and Kuriyama, 1966).
Ouabain or cold decreases the MM of the guinea pig portal
vein 20 - 26mV and the normal electrogenic Na"-pump is esti-
mated to contribute 10-20mV to the sy (Kuriyama, et al,
1971, Prosser, 197, ). The XCl irduced relaxation of Nat-rich
isolated cat carotid artery (Bose and Inncs, 1974 ) and rab-
bit pulmonary artery (Somlyo and Somlvo, 1270) is consist-
ent with stimulation of an electrogenic Na* -pump.

So there is evidence that the RFMP in smooth muscle
is at least partially due to an electrogenic Na'-K" pump.
It has been calculated that taenia pumps Na" and K" at a
ratio of 3:2 (Hutter, 1961; Bradings, 1972) and contributes
15 - 20mV to the RMP (Casteels, 1071; Simmons, 1976).

Pump activity appears to depend on many of the factors

+

which it repulates. An increase in intracellular Na™ or

extracellular K stimulates the pump while a decrease in

the membrane resistance inhibits pump activity and an in-
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crease in membrane resistance has the opposite effect,
(Prosser, 1974). Iow temperatures and metabolic inhibi-
tors can, as would be expected, abolish pump activity, re-
sulting in an accumulation of intracellular Na’, a loss of
intracellular K' and membrane depolarization. IHigh KV
concentrations invariably depolarize the membrane by de-
creasing the EK‘ An indirect depolarization which is
neurally mediated is also seen with K" concentrations in
the order of 5 to 20mM, (Somlyo and Somlyo, 1968a). Alter-
nating current stimulation of vascular strips results in
a greater indirect component of contraction mediated by the
release of catacholamines and K" releases catecholamines
from adrenergic sites. The increase in tone elicited by
9 to 15mV external K', in the isclated pulmonary artery
(Bevan and Osher, 1963) may be due to direct, indirect or
combined effects. Peripheral vasoconstriction elicited in
the hamster cheek pouch by 9 to 12mk XK' is abolished by den-
ervation or adrenergic blockade (Sudak and Fulton, 1962).
The contraction in rat portal vein elicited hy re-
moval of external K" is associated with depolarization and
discharge of AP (action potential) (Axelsson, et al, 1967).
The depolarization and contraction induced by the withdra-
wal of K are probably direct effects, and not due to re-
lease of endogenous catecholamines.

The importance of KV and potassium condunctance, (Gy)
\




for excitability has been demonstrated in a variety of
studies. Multiunit muscles cenerally have hiicher RMPs
which would be consistent with a relatively high GK/GNg
ratio. Tomita has suggested that a low Gy might be the rea-
son for the low RMP and spontanecus activity observed in
taenia (Kuriyama, 1963; Tomita, 1960; Bulbring, et al, 1970).
It has been demonstrated that high K" increases
GK (decreases membrane resistance), decreases Ky and converts
bursts of spikes and accompanying contractions to single

" reduces

spiking and greatly reduced contractions while Ba®
GK and increases the number of spikes per burst and contrac-
tion amplitude (Daniel, et al, 1962). Therefore, a reduc-
tion in the Gy /Gy, ratio should produce a depolarization,
increase membrane resistance and possibly initiate spontan-
eous contractions (Simmons, 1976).

Very low extracellular K" can result in a contraction,
however, it may also result in a delayed relaxation (Somlyo
and Somlyo, 1968a). The depolarization and contraction in-
duced by withdrawal of K' are probably due to direct effects
and not due to the release of endogenous necurotransmitters

(Somlyo and Somlyo, 1968a). There nppears to be a I’
1 s

“concen-
tration which is optimal for muscle relaxation, above or be-
low that concentration results in muscle depolarization and

contraction. This depolarization in K'-free solution can be

explained by a decrease in Gy with a shift towvards the ENa
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or by the removal of a Kf-coupled electrogsenic Ha” pump's

contribution to the EI Low ¥' can result in a depolariza-

v *
tion of about 10mV. Adding back XK' causes a hyperpolariza-
tion, and this hyperpolarization may drive the EN as nega-
tive as -90mV (i.e. more negative than EK). Ouabain acts
like zero K™ in that it also depolarizes the membrane about
10mV, however, if ouabain is present and K is added back
no hyperpolarization is seen. The hyperpolarization pro-
duced by adding back K” is not due to a decreasc in Gy
because the membrane resistance is increased only slightly,

-

(Prosser, 1974). In zero K'Y, smooth muscle cells lose KT
b )

and gain Na¥*(the loss of X' results in the depolarization).
- i
When K* is added bvack, Na' is pumpned out, the membrane be-
b i b
comes hyperpolarized and Kt is taken up, unless ouabain is
y P Py
present or the temperature is low {Prosser, 1974). The Gy
and therefore the RMP appears to be directly related to the
P )

+

amount of Ca’’ bound to the membrane (Westfall, et al, 1975).

Removing Ca'' from the bathing medium enhances the K" with-
drawal contraction but the same effect abolishes the hirh K7
contraction. It would seem, therefore, that the contraction
seen in K" free solutions is not simply the recult of de-
polarization, but to some interference with a II' dependent
ca't pump or Ca'" permeability, (3arr, ct 21, 1262; Lidrio
and Bettini, 1967; Somlvo and Somlyvo, 1208a). 10 membrane

bound Ca'" does regulate the membrane activity then specific
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. N FE s . '
changes should be observed if the bound Ca** is displaced

G+ % - 4
F*7 displaces extracellular Ca'",

by lanthanum (La*™ ). La
blocks Ca*' influx and inhibits contraction by preventing

Ca'* entry (Prosser, 1974). Such circumstances lead to a
rapid inhibition of a K' induced contraction as in aortic
smooth muscle where potassium stimulates calcium influx and
La**" blocks this influx. ZLanthanum also blocks contrac-
tions produced by adding calcium to a calcium free medium

(Van Breemen, 1973).

In most excitable tissues depolarization is caused by
an increase in Na* permeability while hyperpolarization is
assumed to be due to an increase in K7 permeability or by an
electrogenic Nat pump. It is Ca'™, however, that appears to
play an essential but often regulator function. There is evi-
dence of both antagonism and potentiation between these two
anions at the cell membrane. The effects of Ca’" are more
pronounced but Na" also has effects on smooth muscle spike;
there is some antagonism between Na' and Ca*", (Anderson,
1971). When, with taenia, sucrose is substituted for MNaCl,
spike amplitude increases, rate of rise increases, slight
hyperpolarization occurs, spontaneous activity eventually

. . . o
stops, but spikes can be triggered; if Ca is decreased at

4

the same time as the decrease in Na™ nearly normal spikes re-

main. In cat intestine muscle spikes show no change over a

2-3 fold range of extracellular Ca*t if Na’ is also changed

it sl
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to keep the ratio (Na*)z/(0a++) constant.

In taenia the effect of reduced extracellnlar Cat? is
greater in high Na'; after loss of spikes in low ex tracellu-

lar Ca*™* a reduction in extracellular Na® leads to recovery,

therefore there is some antaronism between Na” and Cat’.

¢

Na* is needed for recovery from XK' contracture but the con-

traction phase requires extracellular Ca'’

In estrogen dominated uterine smooth muscle of the rat,
the rate of rise of spikes increases with hirh extracellular
Na*, and is more in high Ca'’ than in low Ca”’ mediums. Nei-
ther Ca** nor Na ' alone can support spikes; La
Cot* reduces or abolishes the inward current and TTX has no
effect. It is suggested that uterine muscle may have a single

t

conductance channel recuiring both Na' and Ca''. Voltage
clamping indicates that the outward current 1is carried by K,

Since neither Cat' nor Na* alone can support spike activity
N i R

ot

both would appear to be essential. In a (a free medium

there is a slight depolarization and a decrcacce in membrane

resistance, but no spikes occur and contraction Uails (Prosser,

1974 ), while Na" withdrawal results in a derolorizatilon and
) h

a slight contracture which is said to be nssocinted with an

increased Ca™ influx (Somlyo and 3omiyo, 1268a). 'the rate

of rise of the spike is increased with hirh external Na™ and

+

is greater in high Ca'® outside than in low Ca®™" outside



(Prosser, 197L). In those muscles which are spontaneously
active it has been suggested that Ca'™* is needed for trig-
gered spikes and Na* for the pacemaker potential (Prosser,
1974) .

Smooth muscles vary in the importance of Na® channels,
and it is not clear, whether synergism between Na* and Ca™”
occurs, i.e. does Na® influence Ca*’ release. There is evi-
dence to suggest that this is so (Prosser, 1974). However,
whether or not there are parallel channels, or a common chan-
nel for both, or whether both interact with a common carrier
molecule is unknown. Spikes of most, of not all smooth mus-
cles, are based on a transient, rapid inward Ca™" current
followed by a delayed outward X' current which repolarizes

the membrane. There may also be a slower inward Na¥ current

producing a plateau effect and a rapid outward K* current which
limits spike height (Frankenhaeuser and Hodgkin, 1957; Bul-
bring and Kuriyama, 1963; Brading, et al, 1969). t also ap-

pears that the membrane bound Ca™™ stabilizes membrane con-

ductance by alterin

&

& GNa and GK and altering the regenerative
process for spike production, and, as mentioned earlier, Na™
may compete with Ca™ in carrying inward current (Prosser,
1974 ; Simmons, 1976). The obéervation that spike parameters,
especially the rate of rise of the action potential (AP), are
increased in high extracellular calcium and then abolished

by giving D-600, would be strong evidence for a dominant role

of calcium in the action potential (Xohlhardt, et al, 1972;



Prosser, 1974). D-600 inhibits all spikes and is assumed
to work by inhibiting only the entry of "trigger calcium"
associated with spiking {(Prosser, 1974). There is also evi-
dence avallable to show that depolarization of smooth muscle
by various means and/or agents, 1s accompanied by an increase
in Ca** influx (Prosser, 1974).

A RMP governed by a membrane permeable to only K™ and
Cl™ and by a passive Gibbs-Donnan distribution would follow
the equilibrium potential for potassium as specified by the
Nernst equation. There is clearly, therefore, a disequilib-
rium in smooth muscle since the Nernst equation predicts a

™

slope for'LM verses the log of the external K* concentration
of 61mV per 10 fold change in the external potassium con-
centration, while that observed is actually only 38mV per

10 fold change in the external potassium concentration. This
may be due at least in part, to Na® with it's high electro-
chemical gradient (Simmons, 1976). However, recent work has
shown that chloride ion plays a major role in determining the
low resting membrane potential (Casteels and Kuriyama, 1960;
Casteels, 1970). The chloride equilibrium potential in
taenia coli is 25 to 35mV less negative than the resting mem-
brane potential. The primary reason for this is suggested

to be the presence of an inwardly directed chloride pump.

Such a pump would increase intracellular Cl” thereby decreas-

ing the K - and thus bring the RMP towards zero (Casteels
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and Kuriyama, 1966; Casteels, 1970). This is supported by
the finding of high intracellular chloride concentrations
(Kao and Nishiyama, 1964). Sirce in a chloride free medium
the.electrogenic sodium pump is estimated to contribute only
about 6mV it is calculated that the Cl pumping in taenia
contributes about 15mV to the RMP (Droogmans and Casteels,
1976). The observed increase in chloride efflux after giv-
ing ouabain or high potassium would suggest C1l™ uptake may
be coupled to the Na*- K* pump (Casteels, 1971; Prosser,
1974). Another factor that could contribute to the more
positive EM in smoéth muscle is the relatively high chloride
permeability of the membrane. This is suggested by the rapid
chloride efflux and the effects of replacing C1™ with a less
permeant ion such as isethionate (Barr, 1959; Durbin and
Monson, 1961). Such a replacement results in a transient
depolarization (Holman, 1958), a decrease in the difference

between the slopes of EM and E_ versus the log of the extra-

K
cellular potassium concentration (Kuriyama, 1963), a 50% de-
crease in membrane resistance (Ohashi, 1970), a decrease in
K* efflux (Casteels and Meuwissen, 1968) and suppression of
the secondary depolarizations of the intestinal slow waves
or control potentials (BEl-Sharkawy and Daniel, 1975c).
According to the Nernst equation, a decrease in extra
cellular sodium should make the sodium ecuilibrium potential
less positive and, therefore, slightly hyperpolarize the

membrane., When sucrose is used to substitute for NaCl the
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effects of chloride deficiency and decreased ionic strength
must be considered, therefore, the depolarization initially
seen with sucrose substitution is likely to be due to a de-
crease in the chloride ecuilibrium potential. This, in turn
would tend to depolarize the muscle membrane (or at least
reduce the eventual hyperpolarization) and increase membrane
resistance and possible account for the greater spike ampli-

tude observed (Kuriyama, 1963).

During the initial period of anion substitution, the
Enp~ becomes more positive due to a decrease ip extracellu-
lar C1™. At the same time active chloride uptake is decreased
due to a lack of substrate, therefore, intracellular C17 leaks
out of the cell under the influence of it's new electro-
chemical gradient. Thus the chloride equilibrium potential

gative (hyperpolarizing the mem-

<

becomes progressively more ne
brane) and becomes established at a new level determined by

the nature of the replacement anion. The chloride equilib-
rium potential becomes more negative with a more permeant

anion like nitrate than with a less permean anion like isethion-
ate. With isethionate the final RMP is more positive than

it is in a C1~ solution (Holman, 1958; Kuriyama, 1963;

Simmons, 1976). The overall effect, therefore, of replac-

ing chloride with a less permeant anion 1s an eventual de-
crease in C17 flux, when intracellular chloride is depleted

resulting in membrane repolarization and an increase in mem-



brane resistance (Simmons, 1976).
Intracellular chloride is much higher in smooth mus-
cle than in skeletal muscle resulting in a more negative Eay

and Ey in striated muscles. It was traditionally assumed

that chlorides contribution to the resting activity of the
nerve and striated muscle cell was barely minimal and has
often been neglected. More recent evidence would imply that
this may not be the case. Denervated skeletal muscle often
becomes rhythmic and these spontaneous oscillations may be
related indirectly or directly with the chloride activity

at the denervated muscle membrane. The membranes of normal
mammalian skeletal muscles are highly permeable to C1™ gnd
the low membrane resistance values recorded in such muscles
are probably due to high chloride conductances in these
muscles (Lorkovic and Tomanek, 1977). It has been suggested
that the mammalian striated muscle fiber recuires a high
chloride conductance in order to maintain stability of it's
excitable surface membrane and prevent abnormal repetitive
firing or sensitivity to depolarization (Camerino and Bryant,
1976a). In the denervated, spontaneously active preparation
the influence of the motor nerves (AP'S or "trophic factors")
are absent and this is suggested as being responsible for
preventing the musple fiber from maintaining it's normally
high chloride permeability (Bryant and Camerino, 1976b).

Slow waves (SW) or control potentials (CP) function

]
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as control activity by changing the excitability of intes-

tinal smooth muscle to chemical and electrical stimuli
The occur-

which produce spikes and contractile responses.
ence of the SW determines the occurence in time and space

of the spike activity (Bl-Sharkawy and Daniel, 1975c).
Slow wave activity consists of repetitive depolariza-

tions of 12 to 25mV amplitude and two second duration which
occur at a frequency characteristic of the species and of
the level of the intestine from which they are recorded.

The spike activity consists of one to scveral action poten-
the denolarized phase or

a small depo-

tials which occur superimposed on
preceded by
d

kach spike is
,1-Sharkawy an

plateau of the SW,
larization or prepotential (Bortoff, 1961; il-°
The slow wave activitv is myorenic; it

er and spreads

o
<A Y

Daniel, 1975b).
originates in the longitudinal muscle 1
glectrotonically to the circular muscle layer (Daniel,et al,

1960; Bortoff, 196la; Bortoff, 1961b; Kobayasri, et al, 1966;

a diastolic

Bortoff, 196L; Bortoff and Sachs, 1970).

It has been reported that in a few cells,
hese are pro-

exists,

intercontrol potential depolarization
to O to 7mV which oc-

gressively slow depolarizations of up
and the onset of the
tricecer for

a0
1

cur between the end of each slow wnve
n serve

It is suggested that these may
depolariza-

next.
potentini

the SW, with the fastest intercontrol
in the pre-

tion rate being the dominant drivine osciiliator
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paration (El-Sharkawy and Daniel, 1975a).

The coupling of SWs between the smooth muscle cells
can be best described by the bidirectional coupled relaxa-
tion oscillator model of Sarna, Daniel and Kingma (Sarna,
et al, 1971; Daniel and Sarna, 1978). This model predicts
that a) the SW is electrically excitable, b) the coupling
of the SW occurs by current flow between cells and c) the
frequency of the SW in an isolated segment of the muscle
or in an intact preparation, is determined by the highest
frequency oscillator. In terms of the triggering mechanism
proposed here, this would be the cell, or group of cells ex-
hibiting the fastest rate of intercontrol potential depolari-
zations (El-Sharkawy and Daniel, 1975a).

Various studies have shown that the smooth muscle
cells of the intestine, uterus, taenia and many others can
be electrogenic (Liu, et al, 1969; Casteels, et al, 1971;
Conner and Prosser, 197.4; Prosser, 197L; Bose, 1975;
El-Sharkawy and Daniel, 1975b). The role of this electro-
genic pump in smooth muscle automaticity and the extent of
it's contribution to the resting membrane potential of the
muscle membrane is debatable. Potassium has at least two
aqtions at the smooth muscle membrane; one is 1it's effect
on the membrane potential as described by the Goldman egua-
tion and the other is it's action in stimulating the MNa’- K7

pump (Connor and Prosser, 1974). The resting potential of



intéstinal smooth muscle is greater at an external potas-
sium concentration of 1.75 mM than at the normal extracellu-
lar potassium concentration of 3.5 mM or at zero extracellu-
lar potassium (Somlyo and Somlyo, 1968a). The peak resting
potential at 1.75 mM (K outside) is not observed at 22°C or
after the administration of ouabain; these observations, to-
gether with the depolarization seen in a potassium free
medium, are taken as evidence of a contribution of a Na"- XK'
pump to the resting membrane potential in intestinal smooth
muscle (Conner and Prosser, 1974). The random discharge of
action potentials in phasic muscles or graded depolariza-
tions in tonic muscles may be responsible for the tone ob-
served in some smooth muscles, particularly vascular smooth
muscle (Axelsson, et al, 1967; Somlyo and Somlyo, 1968a and b).
It is also suggested that the tone observed in these muscles
could be due to an increase in the permeability of the mem-
brane to calcium or by arn inhibition of calcium pumping,
either of which may occur relatively independantly of changes
in the membrane potential (Somlyo and Somlyo, 1968a).
Evidence indicating a pump component of other smooth
muscles is as follows: guinea pig taenia coll, when freshly

cain Na¥; if
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dissected or stored in the cold, an

then soaked in Krebs Henseleit solution at 37°C. normal ionic

b

gradients are restored within a few hours and this restora-



tion is blocked by ouabain or zero potassium (Casteels,
1966; Casteels, 1970). ixposure of taenia coli to potassium
free medium causes depolarization and readmission of potas-
sium results in hyperpolarization below the potassium equil-
librium potential, an effect prevented by ouabain (Tomita
and Yamamoto, 1971; Casteels, et al, 197la and b; Prosser,
1974 ; Bose, 1975). The hyperpolarization on readmission of
potassium is greater with high intracellular sodium than

with low intracellular sodium (Bolton, 1973). It has been

calculated by Casteel s et al, that in normal Krebs-illenseleit
solution the pump current accounts for 10-15 mV of the rest-
ing potential in taenia (Casteels, et al, 1971). Not only
does the sodiur/potassium pump contribute to the resting
membrane potential but it is also sugrested to be directly
involved in the slow wave activity of the intestinal smooth
mascle (Job, 1969; Liu, et al, 1969; Conner and Prosser,
1974). The depolarization phase of the slow wave is reported
to be due to a passive sodium influx; this inward current of
depolarization pressumable provides the basis for the known
conduction of the slow waves {Prosser and Bortoff, 1968;

Job, 1969). On the basis of effects of inhibitors, particu-
larly ouabain, i1t was susgested that the slow wave may be
dependant on an electrogenic sodium pump (Daniel, 1965).

This is supported by the finding that there is an enhanced

efflux of sodium during the repolarization phase and that
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this efflux is not onlv against an electrochemical gradient
for sodium but also is opposite in direcﬂion to the change

in electrical driving force. It is reasonable, therefore,

to assume that the increased efflux of sodium during the
repolarization phase is due to an active process (Job, 1969).
That the generation of slow waves involves an active process
is alsc supported by the studies of the effects on slow waves
of inhibitors of oxidative phosphorylation (cyanide, anoxia,
DNP, PCP); by the effects of specific inhibitors of active
ion transport (ouabain), and by the effects of sodium sub-
stitution in the medium (Bortoff, 196la; Daniel, 1960;
Daniel, 1965; Tamai and Prosser, 1966; Kobayashi, et al, 1967;
Liu, et al, 1969; Job, 1969). Further evidence that SWs re-
sult from a rhythmic efflux of sodium is that the slow waves
but not the spikes, are lost in a sodium free or a potassium
free medium; the slow wave amplitude varies with the log of
the external sodium concentration with a slope of 10mV and
this is the same at two calcium concentrations and the ampli-
tude of the slow wave is increased when sodium, but not K7
is iontophoretically injected into the cell. The slow wave
also exhibits a high temperature coefficient and under volt-
age clamp, current pulses are recorded having the time rela-
tions predicted if the slow waves were due to a rhythmic
electrogenic pump (Liu, et al, 1969; Job, 1969; Conner and

Prosser, 197L). From this, then, it is postulated that the



pump, which contributes to the resting potential, can also
oscillate to sive slow waves (Papasova, et al, 1268; lLiu,
et al, 1969; Job, 1909; Conner and Prosser, 197L; Prosser,
1974 ).

The prepotentials and spikes in intestinal smooth
muscle and taenia coli are believed to be due to an increase
in Ca'*' conductance (Liu, et al, 1969; Kuriyama and Tomita,
1970; Conner and Prosser, 197L4). This is indicated by:

1) the reduction of spike amplitude in low extracellular
calcium and complete cessation of spike activity in zero
calcium, 2) the action of competitive inhibitors, manganese
and cobalt in véry low concentrations, 3) the relative in-
sensitivity of the spikes to external sodium and their in-
sensitivity to tetrodotoxin, 4) the linear relation of spike
height with los of the external calcium concentration, 5) en-
hanced influx of calcium at the time of spiking and the vol-
tage clamp studies indicate that the inward current is car-
ried by calcium (Job, 1269; Liu, et al, 1969; Kumamoto and
Horn, 1970; Conner and Prosser, 197h). The effects of cal-
cium on spike amplitude cannot be due to changes in the
resting potential since the membrane potential is relatively
insensitive to external calcium (Liu, et al,1969; Conuer and
Prosser, 1974). In taenia coli, spikes are rapidly abol-
ished in calcium free medium even when depolarization is

prevented (Brading, et al, 1969). In addition to increased
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calcium conductance associated with spikes, variations

in the extracellular calcium concentration may alter mem-
brane resistance. Spikes are‘absent in calcium free med-
ium and both the amplitude of the spike and the rate of
rise and fall are maximum at an intermediate concentration.
In addition to the change in calcium conductance seen at
low concentrations, there may also be a reduced permeabil-
ity of the membrane at higher concentrations of calcium
which would counteract increased conductance during a spike
(Liu, et al, 1969).

There is evidence for a sodium-calcium interaction
in intestiral smooth muscle. The frequency and amplitude
of the spikes increases when the external sodium concentra-
tion is reduced or when the slow waves are eliminated, as
by ouvabain (Liu, et al, 1969). Sodium conductance increases
in rat uterus during a spike and the rate of depolarization
with high sodium is more in high extracellular calcium than
in low extracellular calcium (Conner and Prosser, 1974).

In ureter both sodium and calcium contribute to the spike;
the plateau is lost in sodium free medium but the spikes re-
main, and the rate of rise of the plateau depolarization
with high extracellular calcium is greater in high external
sodium than in low sodium, hence the spike component may

be primarily due to calcium and the plateau to sodium

(Kobayashi, 1969; Kuriyama and Tomita, 1970). In a calcium
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free medium with 0.5mM Mef© some spiking occurs in taenia

coli. This appears to be dependent on external sodium,
hence there can be some Na' current which is normally over-
balanced by the calcium current (Sarna, et al, 1971).
Spontaneous activity in taenia coli stops in sodium free
medium but spikes can still be triggered if calcium is pre-
sent (Brading, et al, 1969). It has been suggested that
Ca** binds to external anionic sites on the membrane, that
calcium is released to give an inward current of an action
potential and that sodium can compete with calcium for the
binding siﬁes but not substitute for calcium as a current
carrier (Comner and Prosser, 197.). lHowever, it has also
been reported that a removal of external calcium can re-
sult in a reduction of slow wave activity, a decrease in
the rate of rise and fall of the slow wave and eventually
complete loss of the slow wave and a depolarization of the
membrane (Tamail and Prosser, 1066; Liu, et al, 1969; il-
Sharkawy and Daniel, 1975c). In the presence of verapamil,
however, slow wave activity persists while all spikes and
mechanical activity are abolished (Ll1-Sharkawy and Daniel,
1975¢). This has led to the sugcestion that calcium may
not have a current carrying function in the ceneration of
the intestinal slow wave but that the inward lNa® current

is responsible for the slow wive ~eneration and this sodium



current may depend on the presence of external calcium or,
alternatively, the triggering mechanism for the slow wave
may be calcium dependant (El-Sharkawy and Daniel, 1975¢) .

The theory of slow wave generation presented, 1.e.
an oscillating sodium electrogenic pump, was first proposed
by Daniel in 1972. Since then Job has proposed two other
hypotheses, the first, to which reference has been made, 1S
essentially the same as that proposed by Daniel, with the
exception that an increase in sodium permeability which 1is
assumed to cause the depolarization phase of the slow wave,
is taken into account; in conjunction with the oscillating
sodium pump (Job, 1969). The third theory of intestinal
rhythmicity and the second proposed by dJob, 1s an oscillat-
ing Na® permeability hypothesis (Job, 1971). According to
this hypothesis a build up in ATP concentration at the‘mem~
brane, "turns on" an increase in sodium permeability which
leads to the depolarization phase of the slow wave and an
increase in the inward leak of sodium ions. The increase
in intracellular sodium coincident with the high level of
ATP stimulates the sodium pump. The pump depletes the ATP
to subthreshold values again, the increase in sodium perme-
ability is turned off and the membrane repolarizes.

Slow waves in the cat stomach consist of an initial
rapid component which is sodium dependant, is propagated

and not correlated with contractions; and a second slow
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component which is calcium dependent, is abolished by Mn*",
may be propagated but is always found when contractions
occur. Spikes may appear on the second component and en-
hance contraction. Tetrodotoxin has no apparent effect on
either slow wave component, while the freauency of spontan-
eous waves 1is reduced by low external calcium and enhanced
by high external calcium. This effect of extracellular cal-
cium requires the presence of sodium (Papasova,. et al, 19638).

El-Sharkawy and Daniel (I1l-Sharkswy nnd Daniel, 1975a; 1975b;

and 1975c) have also observed slow waves in intestinal muscle
which appear to be made up of two components wrich they term
initial and secondary depolarizations. The first component
of the slow wave in the stomach is analogous to the intes-
tinal slow wave. It is reduced or abolished by ouabain and
its function is believed to be that of synchronizing activity
in large fields of muscle fibers (Papasova, et al, 196%).

The second component is reduced in amplitude or eliminated
when calcium is reduced; and it is believed that this second
component and the spikes are due to enhanced calcium influx.
Spiking is enhanced in both jejunum ard stomach by ouabain
(Covier and liolland, 1965; Papasova, et al, 1267)., This

action of ouabain may be due to an increaserd calcium perme-

ability or to a sodium-~-calcium exchange mechanism whereby
an increase in intracellular sodium due to inhivition of the

ump could result in an increaseced caldcium inTlux due to a
p
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passive exchange with sodium (Papasova, et al, 1968; Bose,
1975; Blaustein, 1977). At very low external calcium con-
centrations, the first component of the stomach potential

is also reduced, hence while the first component of the slow
wave is primarily sodium dependent, calcium may affect the
sodium permeability (Papasova, et al, 1968).

The frequency of the spontaneous waves is relatively
insensitive to sodium when calcium is in normal concentra-
tions. However, the freguency is reduced when external cal-
cium is lowered and is increased when calcium is raised in
concentration. The effect of calcium on frequency requires
a sodium-containing medium, therefore, there appears to be a
coupling of the two ions in the regulation of frequency
(Papasova, et al, 1968). High external potassium reduces
all slow wave and spike activity, probably due to the depo-
larization as in intestinal muscle (Tamai and Prosser, 1966).

A notch, which appears early in the plateau phase of
the intestinal slow wave has been observed by é number of
investigators (Tamai and Prosser, 1966; Job, 1969; El-Sharkawy
and Daniel, 1975a). El-Sharkawy and Daniel (Bl-Sharkawy and
Daniel, 1975a) dispute the suggestion that this notching is
a mechanical artifact or due to the electrogenic spread of
a spike from a neighbouring cell, since it could be recorded
after the membrane had been hyperpolarized by adrenaline and

their experiments showed that it does not seem to be related



to electrotonic interaction between cells out of phase

with the impaled cell. 1t is suggested that the slow wave
may result from the operation of two processes occuring in
sequence. The first process leads to an initial depolariza~
tion and the second causes a secondary depolarization
(El-Sharkawy and Daniel, 1975a). Often the two processes
occur sufficiently close in time so that the slow wave ap-
pears as a depolarizing phase, a plateau and a repolarizing
phase (unnotched slow wave). Less frequently the two pro-
cesses may be temporarily separated enough so that a notch
appears on the plateau phase reflecting the turning off of
the initial process (repolarizing phase of the notch) be-
fore the turning on of the second process becomes suffi-
cient to maintain the initial depolarization. It is sugges-
ted that notching cannot be accounted for by any of the pos-
tulated ionic mechanisms for the slow waves since both the
oscillating electrogenic pump hypothesis (Daniel, 1965;

Lin, et al, 1969) and the oscillating sodium permeability
hypothesis are obviously single "on and off" events (El-
Sharkawy and Daniel, 1975a; and 1975c).

Temperature studies further substantiate the finding
that slow waves are made up of two components. The rate of
the initial depolarization had a QlO of 1.56 where as the
duration and rate of repolarization of the secondary depo-

larization had an appreciably higher temperature coefficient
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(El-Sharkawy and Daniel, 1975a). Other investigatoré have
also found the slow wave of the intestinal smooth muscle

to have a higher Qpy (Daniel, et al, 1960; Job, 1969). It
is possible that the rate of intercontrol potential depolari-
zation and/or the level of membrane excitability are sensi-
tive to cooling. It is interesting that neither the maximum
resting membrane potential nor the slow wave amplitude exhi~-
bit appreciable temperature dependence (El-Sharkawy and
Daniel, 1975a). This finding is inconsistent with the os-
cillating electrogenic sodium pump hypothesis for the slow
wave generation, (Daniel, 1965; Liu, et al, 1969) from which
it follows that at maximum polarization between the slow
waves the pump contributes some 18mV (the height of the slow
wave) to the membrane potential,

If an oscillating electrogenic sodium pump is re-
sponsible for the generation of slow wave activity in in-
testinal muscle three conditions must first be satisfied.
First, the sodium pump in these muscles must be electrogenic.
Second, the magnitude of the Céntribution of this pump to
the membrane potential has to be at least ecual to the amp-
litude of the slow wave, and thirdly, it must be shown that
the pump oscillates spontaneously (Zl-Sharkawy and Daniel,
1975b). Various studies have shown that smooth muscle cells
of the intestine, uterus, taenia coli etc. can be electro-

P

genic (Taylor, et al, 1969; Liu, et al, 1969; Casteels, et al,
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1971; Prosser, 197L4; Cornor and Prosser, 17705 Bl-Sharkawy
and Daniel, 1975b). lowever, a theoretical analysis of
the contribution of the pump to the HN has shown it to be
unlikely that the pump can, under normal conditions, pro-
vide more than a few millivolts *o the membrane potential
(El-Sharkawy and Daniel, 1975bL and 1075¢).

Using a modified version of the Goldman ecuation
that does not assume either passive chloride distribsution or
equality of net passive and active sodium flaxes, Bl-Sharkawy
and Daniel have calculated, on the b2sis of rensonasble as-
sumptions (about ionic permeabilities, coupline ratios etc.)
that the contribution of the sodium electrosenic pump ac-
tivity to the EM may not exceed more than a few millivolts.
They have concluded . that such a small contribution 1s in-
consistent with the hypothesis thnt the electrical slow
waves {the amplitude of which is 1&mV on the average) results
from the turning on and off of the electrorenic sodium pump
(El-Sharkawy and Daniel, 1975b). Another discrepancy with
this hypothesis reported by these same investisators was the
finding that slow wave activity in the presence ol ouabailn
or in a sodium free solution was not accompanied by a mem-
brane depolarization to the peak depolarization (Tamai and
.Prosser, 1966; Liu, et al, 1069). TFurthermore, the time
course of the incréase and decrease of the slow wave ampli-

tude upon starting and terminating, respectively, of intra-
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cellular injection of sodium {(Liu, 1969) is not what one
would expect 1f the slow waves were due to oscillations of
an electrogenic sodium pump (Bortoff, 1972). Also, the slow
waves of the intestinal smooth muscle average about 18mV in
amplitude that arise from a maximum "resting" potential of
-55mV, but neither the slow wave amplitude nor the maximum
resting potential exhibit the high temperature sensitivity
that would be expected if the pump contributed 18mV to the
maximum resting potential (El-~Sharkawy and Daniel, 1975a and
1975¢ ).

Inhibition of the sodium pump by a variety of proce-
dures reversibly abolishes the slow wave activity but never
depolarizes the membrane at the time the slow wave activity
first disappears to the potential level at the peak depolari-
zation of the slow wave as predicted by the oscillating pump
hypothesis (El-Sharkawy and Daniel, 1975c]).

Readmission of potassium to a sodium rich tissue causes
a rapid hyperpolarization and the reappearance of slow waves
of near normal frequency but much smaller amplitude. Since
the hyperpolarization is sensitive to sodium pump inhibi-
tion, it reflects the stimulated activity of the electro-
genic sodium pump (BEl-Sharkawy and Daniel, 1975b). Under
these conditlons of maximum stimulation of the sodium pump,
one may expect either that the pump, becanse of it's maxi-

mal stimulation cannot be "turned off" and is, therefore,




on all the time (no oscillations) or that it could still
somehow oscillate despite it's maximum stimulation. In the
first case no slow waves should appear until enough sodium
has been extruded and the pump activity slowed down, while

in the latter case slow waves of much larger amplitude are
expected to appear upon potassium admission and their ampli-
tudes should decrease progressively concomitant with the re-
turn of the membrane potential to it's normal value., Neither
of these predictions were observed by these investigators,
instead, small amplitude slow waves appeared at the time of
maximum hyperpolarization and their amplitude increased as
the pump activity slowed down and the membrane hyperpolariza-
tion diminished (El-Sharkawy and Daniel, 1975c).

Replacement of chloride by less permeant ilons, (ise-
thionate, propionate) initially depolarizes the membrane and
increases the amplitude of the secondary but not the initial
depolarization. This is followed by a membrane hyperpolari-
zation and a drastic shortening of the duration of the slow
wave and a decrease in their frequency. This shortening is
reported to be due to the elimination or "drastic reduction™
of the secondary depolarization with only little effect on
the initial depolarization (El-Sharkawy and Daniel, 1975c).

A substitution of a more permeant ion (ritrate) for
Cl™ slightly depolarizes the membrane and increases the fre-

nency of the slow waves without alterine their confisuration.
X () bl
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There is also intense spiking in the presence of nitrate
(El-Sharkawy and Daniel, 1975c).

It is suggested that chloride may normally play a
role in the genesis of the secondary depolarization of the
slow wave. This secondary depolarization may result from
a transient increase in chloride permeability which shortly
follows or occurs concomitant with, but slower than, the
transient increase in sodium permeability responsible for
the initial depolarization. 1t may be that the increase
in chloride permeability 1s a consequence of the initial
depolarization caused by the preceding increase in sodium
permeability, since it has been reported that in sodium free
and sodium poor solutions no potential oscillations attribu-
table to changes in chloride permeability could be recorded
(El-Sharkawy and Daniel, 1975c¢c). It is sugcested that the
initial transient effects of chloride replacement by less
permeant lons (isethionate) i.e., the increase in amplitude
of the secondary depolarization in conjunction with the
slight membrane depolarization, misht be due to an immediate
shift in the chloride equilibrium potential toward a more
positive value. As redistribution of chloride occurs, the
secondary depolarization of the slow wave gradually disap-~
pears coincident with the membrane hyperpolarization between
the slow waves (LEl-Sharkawy and Daniel, 1975¢). With rezard

to the effects of nitrate, a more permeant anion, it 1is much
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more difficult to predict the effects on either the maxi-
mum restins potential or the slow wave activity. Such ef-
fects would depend on whether nitrate utilizes the same
channels as those used by Cl7 4t rest and durine slow wave
depolarizations, or whether nitrate is actively pumped by
an inwardly directed pump and on the relative extent to
which the membrane potential is determined by the chloride
equillibrium potential and the nitrate ecuillibrium poten-
tial. According to Kl-Sharkawy and Daniel, during the ini-
tial period of anion substitution, the chloride equilibriunm
rium potential should become more positive (decreased extra-
cellular chloride) and a larse nerative nitrate eaquilibrium
potential develops. TFollowineg this initial period, the de-
pletion of intracellular chloride and the increase in intra-
cellular nitrate would cause the chloride ecuillibrium poten-
tial to creep to more nemative values and the nitrate equil-
ibrium potential to go to more positive values, respectively.
The chanpes in the resting potential would be a reflection
of the magnitude of these two equilibrium potentials and
the membrane permeability to both ions. Similarly, after
anion distribution has reached a steady state, the contribu-
tion of nitrate to the secondary depolarization of the slow
wave would depend on whether nitrate 1is passively or actively

distributed across the membrane (li1-Sharkawy and Daniel, 1975c).
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According to El-Sharkawy and Daniel, the effects of
a less permeant anion presents another inconsistency with the
oscillating sodium electrogenic pump hypothesis. Chloride
replacement, in guinea pig taenia coli, by less permeant
anions increases the resting membrane resistance (Ohashi, 1970).
It is suggested that a similar effect could take place in in-
testinal muscle, and that éuch an effect would have to cause
an increase in the size of the slow waves if they were due
to oscillations in the sodium electrogenic pump current (Rang
and Ritchie, 1968; Tavlor, et al, 1969). Such an increase
in the slow wave was not however, observed (El-Sharkawy and
vDaniel, 1975¢c). Chloride currents involved in repolarization
and in spikes have been observed in both skeletal and cardiac
muscles (Dudel, et al, 1967; Peper and Trautwein, 1968;
Hiraoka and liraoka, 1973; Fozzard and Hiraoka, 1973; Fukuda,
1974 ). The properties of these chloride currents in both of
these tissues show similarities to the chloride currents
underlying the secondary depolarizations of the intestinal
slow wave (El-Sharkawy and Daniel, 1975c).

t is sugrested that the intercontrol potentials (those
slow depolarizations of up to 6mV which are observed between
slow waves) may serve as the trigger for the initial event
in the slow wave generation; i.e., the increase in sodium
permeability (El-Sharkawy and Daniel, 1975a). The findings

that the frequency of the slow waves could be decreased by
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replacing chloride by less permeant and increased by more
permeant, anions (kl-Sharkawy and Daniel, 1975c), implicates
chloride in the generation of intercontrol-potential depolari-
zations. These authors have suggested that it is possible
that these depolarizations may result from an increase in
chloride permeability distinct from the one that underlies
the secondary depolarization of the slow wave. A common
feature of the intercontrol-potential period and the second-
ary depolarization of the slow wave, besides their sensitiv-
ity to chloride substitution, 1s thelr sensitivity to temp-
erature which may reflect the possibility that the membrane
permeability to chloride may be regulated by cellular meta-

bolism (Il1-Sharkawy and Daniel, 1975c).

Repolarization and HRelaxation

Both the spike amplitude and the repolarization of the
action potential in smooth muscle appears to be dependent on
the membrane permeability to potassium, however, it has also
been suggested that calcium binding may also bring about re-
polarization (Prosser, 197L). There seems to be little ques-
tion, though, that the outward current is carried by potas-
sium (Hutter, 1961; Prosser, 1974). Stimulation of an elec-
trogenic sodium pump, which would drive more sodium out than
potassium in, would also effectively hyperpolarize the mus-

4

cle membrane. The hyperpolarization, which is observed to
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go beyond the potassium equilibrium potential, after add-
ing back potassium to a sodium loaded preparation is un-
doubtedly due to pump activation since the response can be
abolished by metabolic inhibitors or a decrease in tempera-
ture (Somlyo and Somlyo, 196%a). It has been proposed that
the fast outward current, observed in some smooth muscle
preparations is a result of an initial fast calcium influx
which transiently increases the local calcium concentration
at the inner membrane surface and thereby momentarily in-
creases potassinm permeability resulting in the repolariza-
tion (Vassort, 1075; Gelles, 1976).

Hyperpolarization and relaxation should not be con-
sidered as synonymous events. Although hyperpolarization
can result in muscle relaxation this does not appear to be
the general mechanism involved in the relaxation process.
Since the presence of Ca'" is required for the development
of tension in smooth muscle it would seem reasonable to as-
sume that removal of calcium be necessary for the muscle to
relax. Active extrusion of calecium into the BRCF would be
an ideal method of muscle relaxation, however, there is little
reason to believe that this is a general phenomenon. As a
matter of fact, calcium efflux studies have shown that there
is little, if any, calcium ertrussion dnring smooth muscle
relaxation (Joodford, 1964; Samlvo and Somlyo, 1968a; Katase

and Tomita, 1972). 1t should be mentioned, however, that
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there is reason to believe the existence of a sodium~calcium
exchange mechanism in some smooth muscles which may be in-
volved in the relaxation process (Blaustein, et al, 1977;

b

Ma and Dose, 1977). Ma and Bose have presented evidence of a

transmembrane Na“ -Ca™t

exchange mechanism in taenia and clear
cut evidence of transmembrane calcium movement during sodium
mediated relaxation of sodium-free contracture (Ma and Bose,
1977). It would appear that an active process is involved

in removing Ca'™ from the myoplasm, at least in some muscles
like aorta, but such a process centres around the sarcoplasmic
reticulum (Van Breemen, et al, 1972). Just what contribution
the sarcoplasmic reticulum plays in the relaxation of smooth
muscle is difficult to calculate because of the small amount
of sarcoplasmic reticulum and the short diffusion distance

in smooth muscle. The small vesicles found on the inner sur-
face of the muscle membrane are known to accumulate calcium
in concentrations equal to that of the ECF. These vesicles
mav be involved in the muscle relaxation process by means of
removing Ca*" from the myvoplasm (Somlyo and Somlyo, 1968a;
Prosser, 1974). It is possible that some drugs may stimu-
late intracellular active calcium uptake or, as has been
suzgested, increase intracellular concentrations of some

form of soluble relaxing factor (Somlyo and Somlyo, 1968a).
Tt should be mentioned, however, that definite evidence of

an endogenous inhibitory agent that relaxes smooth muscle

has yvet to be obtained.
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xcitation Contraction Coupling

Spikes in smooth muscle are not always accompanied
by contraction. i35 a matter of fact, spike electrogenesis
is not the only link in excitation-contraction coupling
(E~C couplinz). Graded depolarizations, rather than action
potentials appear to be the normal electrical response in
certain mammalian smooth muscles. There is little question,
however, that the spontaneous action potentials in phasic
muscles trigger the associlated contraction. It 1s possible
that the action potentials are calcium spikes which also
provide the activator calcium for contraction (Somlyo and
Somlyo, 1968a). The major alternative to this hypothesis
is that the spikes could cause a translocation of calcium
from the intracellular storage sites, similar to that which
occurs in striated muscle; i.e. a trigger calcium mechanism.
It is suggested that in the absence of a T-tubule system,
the Ca™  spikes permit a more direct coupling than occurs
in striated muscles. This direct connection between mem-
brane spikes and contraction is the reason why smooth mus-
cle fibers are of necessity small in diameter (Prosser; 197L;
Bose, 1972; Uvelius and Johanson, 1974).

Depolarization of the smooth muscle membrane could
transiently increase the membrane's permeability to Ca’’ re-
sulting in a sudden influx of Ca*’ which could initiate the

contractile response or be sufficient to stimulate the re-
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lease of Ca'" from internal storage sites. It 1is proposed
that membraﬁe bound Ca'? regulates the permeability of the
membrane to ionized calcium itself as well as other solutes,
Depolarization removes some of the membrane bound Ca™ and
the resultant permeability increase is transient in phasic
and sustained in tonic smooth muscles (Somlyo and Somlyo,
1970).

The threshold for activation of contractile proteins

6M (Van

is 107 M ca™" and maximum activation occurs at 107
Breemen, et al, 1972). A very large calcium gradient across
the membrane allows for rapid influx of Ca*" if the perme-
ability is suddenly increased (Van Breemen, et al, 1972).
This is a possible mechanism governing ¥-C coupling. Lantha-
num, which displaces extracellular bound Ca*" and blocks Ca*f
influx, could stabilize the membrane by binding to sites on
the membrane which are involved in the transport of Ca™ and
thus inhibit the E-C coupling process. Such methods result
in complete inhibition of the potassium-induced contracture,
while adding back Ca"™ to a high K" bathing solution leads
to redevelopment of tension (Van Breemen, et al, 1972). This
is suggested as being supportive evidence of a sodium-~-calcium
exchange mechanism at the smooth muscle membrane.

Cardiac glycosides produce a depolarization and a con-

, i

traction in many smooth muscles. The ouabain-induced con-

. 44 . e . . .
tracture requires Ca'~ in the bathinc medium and 1is associated



with an increase in (Kasuya, 1969) Ca™f uptake (Briggs and
Shibata, 1966; Reuter, et al, 1973; Blaustein, 1977). The
depolarization produced by ouabain is presumably due to an
inhibition of the Na' pump (Casteels, 1966; Dose and Innes,
1973; Bose, 1975). There is reason to believe that the
contraction seen during pump inhibition may be due to a

Naf -Ca™ exchanse process. ‘hen pump activity is decreased
by metabolic inhibitors, low temperature or removal of extra-
cellular K+, the cells accumulate Na' (Casteels, 1966;
Reuter, et al, 1973; Bose and Innes, 1973; Dose, 1975;
Blaustein, 1977). Under such conditions Ca™" efflux is in-
hibited and €4 influx increases resulting in the contrac-
tion of the muscle (Faenmwyn-Davies, 1969; leuter, et al,
1973) .

This Na"-Ca"™" exchninre vrocens can apparently bhe re-
versed such that Na™ moving down 1ts electrochemical grad-
ient can impart energy, produced in this process, for the
active extrusion of Ca*" arainst its electrochemical erad-
ient (Blaustein, et al, 1977). IFa and Bose have reported
evidence of a Nav-Ca'" exchance mechanism in the guinea pig

taenia coli, and it hns been sucrested that such a mechan-
ism, which caunses Ca”" translocation from intracellular to
extracellular sites, mrv be involved in the relaxation pro-
ca < - b 2 IPEIFIEN . s ']_|v -1" a e NPT : £ Cv" +
cess 1n conjunchlon with intracellninr secuestration ot La

bv the sarcoplasmic reticulum and the mitochondria (Fa and
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Bose, 1977). It is succested that 3 sodium lons exchange

for one calcium ion, and that such a coupled exchange could
maintain a CaM concentration gradient across the membrane
(Blaustein, 1977). Such a gradient could be maintained with-
out the benefit of direct energy input from ATP. Although
ATP does effect the kinetics of Na'-Ca"  exchange in some
tissues, it is not absolutely required and may not in fact
power the exchange (Blaustein, 1977).

It has been shown that ouabain in relatively high con-
centrations can relax rather than contract smooth muscle
(Bose, 1975). It would appear that very high levels of intra-
cellular Na© have an inhibitory effect on the contractile
proteins that can override the contractile effect of the

+

intracellular Ca*", (R. Bose, personal commuinicetions). In
guinea~pig taenia coli, ouabailn produces a depolarization
along with an increase in tension and freauency of spikes.
This is followed by what has been termed a "secondary re-
laxation', believed to be due to non-electrical mechanisms
(Bose, 1975). Ouabain is known to inhibit the Na'-K® pump,
and it is this that is believed to cause the accumulation
of intracellular Ng' (Van Breemen, et al, 1972; Blaustein,
1977; Bose, 1975).

The strongest evidence for an intracellular inhibi-
tory role of Na comes from the experiments where the effects

of Na” replacement was compared with the results of substi-



tuting lithium for sodium. Sodium ions can be pumped out
when the pump recovers and this may explain the gradual re-
covery from inhibition (Bose, 1975). Lithium, on the other
hand, can enter the cell but cannot be pumped out by the
Nat -K* pump (Skou, 1965). Lithium can substitute for Na™
in many instances,(Katase and Tomita, 1972) and it is pos-
sible that the inhibitory effect on taenia is no exception.

Axelsson has shown that in the taenia coli, lithium substi-

. S N . ; . .
tution for MNa abolished mechanical responses without af-
fecting electrical activity (Axelsson, 1961). It is possible

that a similar effect of Na®

is not normally seen because
the Na*-K* pump prevents intracellular accumulation of Na*
(Bose, 1975).

It is interesting to note that sodium is also in-
volved in promoting relaxation in the rat portal vein
(Biamino and Johansson, 1970). Whether sodium induced re-
laxation is prominent in muscles where sarcolemma plays a

greater role in relaxation than the sarcoplasmic reticulum

remains to be established.

Pharmacomechanical Coupling
£

The discovery that depolarized smooth muscles can be
contracted or relaxed by drugs (BEvans, et al, 1958; Schild,
1967) has been known for some time. Action potentials in

spike~generating smooth muscles can be abolished without
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depolarization, while the contractile effect of the drug
persists (Somlyo and Somlyo, 1968b). In the same study
it was shown that the inequality of the maximal contractile
response of polarized smooth muscle to different drugs per-
sists in the depolarized state. It would appear that there
is only a limited correlation between the electrical and
mechanical responses evoked by drugs, (Cuthbert and Sutter,
1965; Somlyo and Somlvo, 1968b) such observations led Somlyo
and Somlyo to describe the phenomenon of pharmacomechanical-
coupling: the role of non-electrical processes in mediating
drug induced contractions (Somlyo and Somlyo, 1968a and 1968b).
The effects could be due to drugs which can trans-
locate Ca'* into the cvtoplasm from a compartment not acces-
sible to depolarization. Another possibility is that these
drugs produce a longer and more persistent increase in mem-
brane permeability to Ca** than to K'. If this were the
case, Ca™ bound to the basement membrane and any contamin-
ant Ca'* in a Ca** -free solution (which could be as high as
10~5M without a chelating agent present) could activate con-
traction (Somlyo and Somlyo, 1968a). The decrease in drug
induced contractions in a Ca'" -free medium can be acceler-
ated by a chelating agent (Edman and Schild, 1962; Hinke,
1965). This would imply that drug induced contractions do
not preferentially use intracellular Ca** (Somlyo and Somlyo,

1968a).
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There is evidence to believe that drugs have a more
pronounced effect on cat’ permeability than does depolari-
zation (Edman and Schild, 1962; Hinke, 1965). It is gener-
ally believed that there are two permeability barriers to
Ca*® in series (Sparrow and Simmonds, 1965). The external
barrier, containing high affinity sites for Ca®™", could con-
centrate the cation from the external medium and, 1if fully
utilized, support maximal contractions in the presence of
very small amounts (0.2mM) of total tissue Ca'". It is sug-
gested that the basement membrane probably has the required
binding properties (Somlyo and Somlyo, 1968a).

The inner barrier in this model wonld be the membrane,
whose permeability to Catt and other ions would be deter-
mined by the EM’ by labilizing and stabilizing drugs and by
Ca*’ itself. As long as the membrane stabilizing effect of
Ca*t on the membrane permeability exists, influx from the
external sites (basement membrane or free in the ECEF) would
be subject to "autoinhibition". In contrast, drugs which
+ +

eliminate the stabilizing effect of Ca

%)

,either by removing
it from the membrane or throursh some other mechanism, would
permit maximal influx from the external sites into the myo-
plasm. This is the mechanism by which acetylcholine has
been proposed to work (lurwitz, 1965; lurwitz, et al, 1967).
Although the exact cellular mecharism of action of

acetylcholine has not yet been totally elucidated, it is
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believed that it works by increasing membrane permeability

D

to Catt

and other ions. 3Studies on endplate permeabilities
and intestinal smooth muscle show that there is a clear in-
crease in permeability associated with acetylcholine (Born
and Bulbring, 1956; Burn and Hobbs, 1959; Katz, 1966; Burgen
and Spero, 1968).

It is suggested that the process involved in mediat-
ing the drug-induced contraction in depolarized muscle is
an increase in membrane permeability to Ca'’, that certain
membrane active agents act by displacing membrane bound Ca
and that tonic contractions are associated with a maintained

o Fr

increase in Ca® influx (Shanes, 1961; Briggs, 1962; Fein-
stein, 1964; Somlyo and Somlyo, 1968b).

It has been proposed that the membrane bound Ca™*
regulates the permeability of the membrane to ionized calcium
itself as well as to other solutes (Rothstein, 1968; Somlyo
and Somlyo, 1968a). Depolarization removes some membrane
bound Ca'", the resultant permeability increase is transient
in phasic and sustained in tonic smooth muscles (Somlyo and
Somlyo, 1968a).;/80me drugs may release membrane bound Cat*®
and exert an even greater stabilizing action than Ca** itself
(Feinstein, 1964). Other agents like acetylcholine, norad-
renaline, and other active amines or peptides, may elimin-

ate the stabilizing effect of Ca’® with or without removing

it from the bound sites (Hurwitz, 1965; Hurwitz, et al, 1967;
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Somlvo and Somlyo, 1968a). Activator Ca”  under these con-

ditions may arise in va

3

ving quantities from the membrane
itself, from binding sites within the ground substance or
from the extracellular fluid (Somlyo and Somlyo, 1968a). The
unequal efficiency of pharmacomechanical-coupling obtained
with different drugs has been attributed to an unequal abil-
ity of the drugs to overcome the stabilizing action of Catt
and thereby produce a sustained increase in membrane perme-
ability (Somlyo and Somlyo, 1968b).

According to Somlyo and Somlyo the major assumptions
inherent in the model of ¥~-C coupling, based on permeability
changes in the membrame, are: 1) excitatory drugs primarily
act by a common mechanism of increasing the ilon permeability
of the smooth muscle membrane; 2) the quantitatively most
important, though perhaps not the only source of activator
calcium mediating drug induced contraction, is a site ex-
ternal to the membrane and, 3) the primary determinant of
contraction (or relaxation) is the rise {(or fall) of intra-
cellular free Ca*" ion concentrations. There is at least a
semiquantitative correlation between the maximum contractilon
and the maximum permeability change produced by a given drug.
An increase in calcium permeability is produced by several
and perhaps all excitatory drugs and this effect appears to
be the primary mechanism of near-maximum and maximum con-

tractions. The unequal maximum contractile effects of dif-
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ferent drugs are believed to be an expression of the unequal
maximal incrense in calcium permeability produced by them
(Somlyo and Zomlyo, 1070). The assumption that excitatory
drugs act throuch increasing the calcium permeability implies
that the major source of activator Ca"™" is extracellular, i.e.
the basement membrane, cround substance or the extracellular

floid. here is also the possibility that drugs may increase

the membrane permeability by displacing stabilizing calcium

(Somlyo and 3omlyo, 1962b).

In phasic striated muscles the existence of a stable
Cat? pool is well known and is located in the sarcoplasmic
reticulum. It is furctionally demonstrated by the large
caffine contractures that can be produced in severely cal-
cium depleted striated muscles in the prescnce of hirh con-

. \
o '

ons of MDTA (Blancnhi, 1261; Somlvo, 1065}, Althoush

J - }

[

centrat
there is much less sarcoplasmic reticulum in smooth muscle,

in certain types of smooth muscle larme numbers of vesicles

have been observed, which a5 previously mentioned, may serve
a similar function (Somlvo and Somlyo, 106%, 1976). Unlike
skeletal muscle, smooth muscle does not respond to druss

after severe calcium depletion, however, smooth muscle does
contract with caffeine if the muscle is bathed in normal Cat’t
medium because caffine, in addition to translocating calcilum

from the sarcoplasmic reticulum also increases the membrane

permeability to calcium in skeletal muscle (Blinks, et al,



1972). It's effect on smooth muscle could be produced by
the latter response.

Bozler suggested that in Ca'’ free medium the con-
tractile effects of acetylcholine are due to an action of
the drug on the sarcoplasmic reticulum of the smooth muscle.,
Although there is no evidence to suggest that E-C coupling
in smooth muscle utilizes intracellular calcium sites, it
would seem that such sites represent a plausible mechanism
for smooth muscle contraction.

It is generally believed that drugs increase calcium
permeability and this change in calcium permeability could
trigger the release of Ca*" from the sarcoplasmic reticulum.
The sarcoplasmic reticulum in smooth muscle, however, is
sparse which suggests that there is not enough stored intra-
cellular calcium for the activation of a sizable contraction.
Although relaxation in some smooth muscles may be due to
active extrusion of calcium there is no reason to believe
that this is a general phenomena. As a matter of fact, cal-
cium efflux studies have shown that there is little if any
calcium extrusion durine smooth muscle relaxation with most
agents, however, it should be mentioned that more recent
studies by Kroeger and Chow have demonstrated calcium extru-
sion during relaxation under such circumstances in the rat
uterus (Kroeger, et al, 1975; Chow and Bose, 1978). It is

possible that some drugs may stimulate intracellular active
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calcium uptake or increase intracellular concentrztions of
some form of soluble relaxins factor.

Somlyo suggests three possible mechanisms for relaxa-
tion: 1) Relaxation could result from a decrease in calcium
influx into depolarized smooth muscle, e.g. local anesthe-
tics. Some agents acting on passive membrane properties
might not decrease the resting ion permeability of smooth
muscle but inhibit drug stimulated ion fluxes, e.g. ethanol,
which inhibits the cholinergically stimulated transmembrane
potassium fluxes in intestinal smooth muscle, 2) stimula-
tion of active pumping of cytoplasmic calcium into extra--
cellular compartments or an intracellular storage site, 3)
relaxing agents that do not decrease stimulated calcium in-
flux into smooth muscle and have a relaxing effect that can-
not be accounted for by extracellular calcium pumping.

Anoxis usually produces relaxation as well as an in-
direct effect on sympathetic discharge. The relaxation
seen with anoxia may be due to a release of local metabo-
lites (Somlyo and Somlyo, 1970; Folkow and Neil, 1971).

Large decreases in P generally produce a modest decrease

02
in resting tone of vascular smooth muscle, while acute anoxia
may lead to a modest decrease in the contractile response to
drugs, but it is generally agreed that glycolysis can sup-

port contraction for several hours (Furchott, 1955; Carrier,

et al, 190L; Shibata and Briggs, 1967).
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Denervation and Rhythmicity

Denervation of muscle, skeletal or smooth, results
in profound changes in the effector cells, The results of
numerous studies over the vears led Cannon and fosenblueth
to formulate the law of Denervation. The law deals pri-
marily with the supersensitivity of the effector tiséue(s)
that accompanies chronic denervation, (Cannon and Rosen-
blueth, 1949) the causal méchanism of which has yet to be
found. Of the many interesting phenomenon that take place
in the supersensitive tissue, one that is of particular in-
terest 1s the spontaneous or induced rhythmic behavior of
the denervated muscle,

Reference to such rhythmic behavior in airway smooth
muscle was made as early as 1903 when Dixon reported the in-
duction of oscillatory mechanical activity in the vagoto-
mized dog trachea and bronchi by pilocarpine and muscarine
{Dixon and Brodie, 1903 ). HMany of the early investigators
observed that the lack of motor innervation initiated or en-
hanced the peristaltic activity in tracheal smooth muscle
(Dixon and Brodie, 1903; Reinberg, 1925; Macklin, 1929;
$11lis, 1936; Wich, 1952). Of interest too, is the early find-
ing that mechanical stimulation of the tracheal smooth mus-
cle could often induce phasic contractions. It was proposed

that foreiszn matter or pathological changes in the muscle



could be responsible for the rhythmic activity (Jackson,
1917 kllis, 19036; Widdicombe,01963; Gold, 1972). It may
not be surprising, therefore, to find that in in vivo experi=-
ments carried out by loofbourrow in 1957, tracheal oscilla-
tions were noticed. These experiments involved recording
intraluminal tracheal pressure changes upon stimulation

with various agonists. Loofbourrow observed the tracheal
phasic contractions and reported that cholinergic agonists
and asphyxia enhanced the rhythmicity, while hyperventila-

tion and atropine reduced or abolished it (Loofbourrow, et al,

1957) .

Chemically Induced Rhythmicity

Tetraethylammonium (THA)

It is generally believed that under normal physiologi-
cal conditions tracheal smooth muscle does not generate AP's
or exhibit mechanical oscillations (Kirkpatrick, 1975;

(roeger and Stephens, 1975; Kamburoff, 1976; Suzuki, et al,
1976; Bose and Bose, 1977). Such properties have resulted

in tracheal muscles being classified as multiunit muscle, the
characteristic properties‘of which have been previously men-
tioned.

The reason stated for trachea as being a quiescent non-
spiking muscle is said to be due to 1ts membrane rectifying

irkpatriclk, 1975; Stephens, 1975; Kroeger and

<y

properties (X

Stephens, 1975; Suzuki, et al, 197¢). Rectification could



be described as the inability of the membrane to offer
equal resistance to the flow of current in opposite direc-
tions, across the membrane, in response to a given stimulus.
1;;}3 That 1s to say that the amplitude of hyperpolarization pro-
duced by an anodal (outward) current is greater than the
amplitude of depolarization produced by the same amount of
current passed inward, (i.e. cathodal) or the resistance to
outward current is much less (or the conductance is much
et greater) than to inward current flow (Kirkpatrick, 1975).
Because of this property it is much more difficult
to depolarize tracheal muscle to threshold and therefore,

to ¢
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use spike seneration., This situation can be remedied
with TBA, which reduces GK and reduces or abolishes mem-
brane rectification of tracheal and other multiunit smooth
muscles (kekata, 1971; Kirkpatrick, 1975; Kroeger and Stephens,

19755 Suzuki, et al, 1976). The result is a decrease in the

By (i.e., a depolarization) of about 10mV (Stanfield, 1970;

{irkpatrick, 1975). Since this depolarization persists in
the presence of atropine, it is unlikely that it is due to
a cholinergic action of TEA (Kroeger and Stephens, 1975,
Suguki, et al, 1976). TEA has two basic actions: the first
is a blockade of the steady state potassium channel (Tasaki
and Hagiwara, 1957), (a time and voltage dependent block)
and the second is a reduction in the resting GK’ which pro-

duces the decrease in the EW and an increase in the membrane

i
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resistance {Stanfield, 1070). ‘The primary action of TUA
on excitable membranes is, however, its ability to reduce

Gy and prevent Gy from rising durings the AP (Tasaki and
Hagiwara, 1957; kekata, 1971; EKroerer and Stephens, 197%;
Stephens, et al, 1975; Kirkpatrick, 1975; Suruki, et al,
1976). Thi also makes the Iy, unstable, so that there is a
tendancy for spontaneous spikes to be discharged, or for

the spontaneous release of neuromuscular transmitter to
increase (Tasaki and Hasiwara, 1957; Bergmann, et al, 1969;
Kirkpatrick, 1975). The membrane permeability to kY is nor-
mally too great in quiescent muscles to permit a regenera-
tive increase in permeability to Ma®. TEA, by inhibiting
permeability to 1" might, thercfore, relieve this inhibitory
influence and allow spontaneons phasic electrical spiking.
The rhythmic behnavior seen with TEA may possibly be due to

a decrease in permeability to K7 and a secondary "weak acti-
vation" of permeability to Na® with depolarization (Kroeger
and Stephens, 1975). There is also evidence that Tid dis-
places membrane bound Ca’™ and increases GCa by modifying

G and directly increasing excitability (Beaulieu and Frank,

Na

1967; Suzuki, et al, 1976). It is sugrested that the de-
polarized activated Ca™ and or Na® current(s) produced in
tracheal smooth muscle are masked by a high resting Gy.

~ T+

When this blocked by Tki, Ca'™ -dependant action potentials

are seen (Simmens, 1976). Tbi tends to incrense the ampli-

N~
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tude and maximum rate of rise of the action potential in
electrically excitable smooth muscle (Ito and Kuriyama,

1070). Kroeger finds that in the multiunit dog trachea,

THA results in a decremental action potential with low
amplitude, low maximum rate of rise and a low conduction velo-
city (Kroeger and Stephens, 1975). However, one must take

into consideration that this preparation is normally quies-~

The electrical wave form in trachealis muscle is des-
cribed as consisting of a rapid spike potential often fol-
lowed by a lbng plateau of depolarization and rhythmic mech-
anical contractions are associated with the electrical spon-
taneous activity (Casteels and Kuriyama, 1965; Kirkpatrick,
1975, Kroeger and Stephens, 1975; Bose and Bose, 1977). The
control potentials or slow waves of intestinal smooth muscle
appear to have similar morphological characteristics, (Papa-
sova, et al, 1968; Job, 1969; El-Sharkawy and Daniel, 1975a,
1975b, 1975c). It may be that the plateau seen in the ac-
tion potential of the tracheal smooth muscle could be due to
changes in chloride conductance as sucgested by El-Sharkawy
and Daniel (1975b). It is pointed out however, that a change
in chloride conductance is unlikely with TEA, at least in
rat uterine smooth muscle, as a decrease in chloride con-
dustance would account for the greater memorane resistance

but this would tend to hyperpolarize the membrane since the
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chloride equillibrium potential is less negative than the
resting membrane potential (Kroeger and Stephens, 1975;
Kirkpatrick, 1975).

The inward current of the smooth muscle action poten-
tial is primarily due to Ca’  influx which may be poten-
tiated or modified by a MNa* current, while the outward cur-
rent is carried by potassium (Kao and McCulloush, 1975),
and is markedly reduced by TiA (lMekata, 1071; Inomata and
Kao, 1976). This outward current has been differentiated
into two components, a fast early outward current that is
blocked by TEA, and a delayed outward current that causes
delayed rectification (Kao, 1971; Vassort, 1975). The fast
outward current appears to account for the low amplitude of
the action potential and it's fast repolarization. This is
supported by the finding that the amplitude and duration of

the action potential are increased by TEA {lMekata, 1971

I

). The plateau phase

iy

Vassort, 1975; Inomata and Kao, 197¢
in the smooth muscle action potential in the presence of TA
is, therefore, probably due to a decrease 1in notassium con-
ductance which would slow repolarization (liille, 1967; Kop-
penhofer, 1967; Kirkpatrick, 1975). It should be mentioned

too, that this plateau has also been observed in ureter
smooth muscle preparations and has been atributed to a slow
inward Na¥ current (Kobayashi, 1065; Huriyama, et al, 1967;

Kurivama and Tomita, 1970).
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Under normal physiological conditions tracheal
smooth muscle responds with a tonic contraction and a
graded depolarization that is proportional to the strength
of the stimulus. Under such conditions a myogenic contrac-
tion cannot be produced in response to quick stretch (Kroeger

N

and Stephens, 1975: Stephens, et al, 1975). bLxperimental
iy b ) & b b3 &£

o

conditions such as hypoxia and acidosis or the presence of
barium, acetylcholine or high external potassium were also
unable to elicit a myorenic response (Stephens, et al, 1975).
It has been reported, however, that trachealis muscle under-
coes a conversion from a multiunit to a single unit muscle
in the presence of THA which allows a myogenic response to
take place (Stephens, et al, 1975; Kroeger and Stephens,
1975, t is suggested that the myogenic response observed
in the presence of TEA is produced by stretch-induced depo-
larization which initiates action potentials from normally
latent pacemakers whose inward current is carried by calcium
ions (Stephens, et al, 1975; Kroeger and Stephens, 1975).

The myorenic response to stretch, observed in the pre-
sence of TEA containins medium, varies in amplitude with the
external calcium concentration, and it appears that the abil-
ity of the muscle to produce this response is absolutely de-
pendant on this external calcium and is completely blocked
by D-600 (Stephens, et al, 1975; Kroeger and Stephens, 1975).

listamine (1J“6g/m1) has been reported to produce

[a—
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rhythmic contractions in bovire tracheal smooth muscle
similar to that of Txi. The electrical slow waves observed

1 the oscillation

6]

were in phase wit in tension. Acetylcho-

line, on the other hand, resulted in smooth maintained con-
tractions of the muscle and no spikes were observed (Kirk-

patrick, 1975). In a Ca'’ -free bathing solution containing

jay
¢

BEGTA, the histamine response is reduced as is that of acetyl-

choline, however, the latter does not appear to be affected

as much. Similar results nave been reported in the presence
of lanthanum {(La""" ), (Kirkpatrick, 1975; Suzuki, et al, 1976).
Unlike the response observed with histamine and acetylcholine,
the tissue is unresponsive to TEA in a Ca''-free EGTA bath-

ing solution or if the muscle is exposed to La*" . The ef-
fects of TEA are also blocked by agents which decrease mem-
brane permeability, such as Mg’ . However, the normal TEA
response does not return when calcium is added back (HMayer,

et al, lQ?Zj Stephens, et al, 1975; Kroeger and Stephens,

1975; Kirkpatrick, 1975; Suzuki, et al, 1976). It is sug-
gested that calcium comes from two sites, the ECF and that
sequestered in intracellular sites. Action potentials or
slow waves might increase calcium permeability allowing Ca™*
from the ECF to enter and activate contractile proteins. In
a Ca'™" -free solution or in the presence of La*"", there is not

enough extracellular calcium available for TEA to produce

a contraction. The sequestered stores of calcium within
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the cell would not be available to agents which act solely
by producinﬁ permeability changes in the membrane, but might
possibly be available to substances which could react with
specific receptors which determine the release of sequestered
Ca' . In this way both histamine and acetylcholine would be
able to elicit a response in the absence of extracellular ca*t
or in the presence of Lat"", Histamine could produce a con-
siderable part of its effect by increasing permeabllity to
Can, such that Ca'" could enter with each slow wave, (Kirk-
patrick, 1975). It may be that smooth muscle contraction
involves just a redistribution of intracellular Ca*" stores
rather than an influx and the effect of Ca’’ deprivation might
be to deplete these intracellular stores. A more prolonged
washing in a Ca’ " -free IGTA solution causes a further de-
crease in the contractile response to acetylcholine and his-
tamine suggesting still further depletion of the stores,
(Kirkpatricl, 1975; Suzuki, et al, 1976). Kirkpatrick has
proposed thiat histamine and acetycholine have access to mech-~

lal

anisms of ©-C counlinc which are not available to TEA and

N . PR N At 3 3 T
which are somewhnat resistant to Ca’’ deprivation and La**™
(Kirkpatrick, 1975).

Local Anesthetics: Cocaine; Reserpine; 6-llydroxydopa-

Tt is interestinc to note that rat and guinea pig
< P (&)

b3

vas deferens, which are normally quiescent can also be made



to contract rhythmically when exposed to cocaine, procaine,
lignocaine, piperoxan, thymoxamine or mepyramine (Cliff, 1968).
Although other investigators have observed such rhythmic be-
havior of normally nuiescent muscles in the presence of lo-
cal anesthetics this behavior is not completely associated

with these sgents (C1iff, 1968; Birmingham, 1970; Bose and
Innes, 197L). Innervation of the muscle is not required for
such activity and it has been reported that the oscillations
become even more pronounced in the denervated preparation
(clifr, 1963).

Cocaine, which impairs neural uptake of catecholamines,
is reported to change multiunit cat splenic capsular smooth
muscle to a single unit type. After such treatment quick
stretch results in a myosenic response and rhythmic contrac-
tions are observed on administration of noradrenaline. Tetro-
dotoxin was found not to abolish rhythmic oscillations due
to the combined effects of cocaine and noradrenaline, sug-
sesting that the oscillations were not neurogenic but myo-
genic in origin (Bose and Innes, 1974).

Resernine, which depletes stores of catecholamines
and effectively causes denervation is also reported to cause
rhythmic activity in both the rat and guinea pig vas deferens
and the nictitating membrane of the cat (Rothballer and
Sharpless, 1901; Green and Pleming, 1967; Lee, 1975; I'leming,

et al, 1975). Such forms of chemical denervation are re-
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ported to be accompanied by a decrease in the tissue' caleium
stores as well as a decrease in the sodium and potassium con-
tent of the muscle. These chances have been suggested as a
possible mechanism responsible for the slight depolarization
seen in the denervated muscles. 1t would not seem unreason-
able to assume that with the possible lower membrane calcium
levels, the membrane permeability to sodium and potassium

may increase. This would allow these two ions, especially
sodium, to come to a new equillibrium level. A4 partial de-
polarization of the smooth muscle membrane and a lower thresh-
0ld would thern exist for the response of the muscle to var-
ious agonists (Hudgins and Harris, 1970; Fleming, et al, 1975,
Carrier, 1975). Spontaneous activity in reserpine treated
preparations are also uneffected by TTX, phentolamine and
atropine (Lee, 1975). Chemical denervation by 6-hydroxydopa~
mine, which destroys adrenergic nerve endings within an hour
after administration is also reported to result in rhythmic
activity of splenic smooth muscle (Tranzer and Thoenen, 1968;
Thoenen and Tranzer, 1973; Bose and Innes, 197L). Epineural
injection of colchicine which in an appropriate dose pro-
duces many of the effects of denervation without block of
motor activity or muscle fiber contraction is also reported
to result in fibrillatory activity of skeletal muscles
(Hofmann and Thesleff, 1972; Camerino and Bryant, 1976).

Similar results were observed as those seen in chemical



denervation of smooth muscles, i.e. a 10mV depolarization
rhythmic activity and TTX resistant actilon potentials,
Treatment with this agent also results in a significant in-
crease in membrane resistance and a decrease in chloride
conductance. It was sugeested thot the low chloride conduct-
ance was responsible for the increase in membrane resistance,
the abnormal excitability and the rhythmic activity of the
muscle and that the mammalian skeletal muscle fiber requires
a hich chloride conductance to maintain stability of it's
excitable surface membrane to prevent abnormal repetitive
firing or sensitivity to depolarization (Camerino and Bryant,

1976) .

Metabolic Depletion

Bose observed mechanical oscillations in canine trach-
ealis smooth muscle while studyines the biochemical changes
associated with metabolic depletion. It is reported that
under normal conditions canine tracheal smooth muscle re-
sponds with a graded contraction to acetylcholine, hista-
mine and elevated potassium, with the removal of glucose
from the bathing medium, however, acetylcholine and hista-
mine stimulation results in phasic contractions that become
resular with time, while elevated potassinm continues to
give a maintained tonic contraction, MNot only does the trach-

eal muscle contract rhythmically but under these same condi-
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tiong it exhibits a myogenic response to quick stretchn
(Bose and Bose, 1977).

In skeletal muscle the resynthesis of ATP from ADP
and creatine phosphate, catalyzed by phosphporyl creatine
transferase (Lohmann Reaction) prevents the net decrease
of ATP during contraction, furthermore the small decrease
in creatine phosphate is obscured by the normal high levels
found in skeletal muscle. Smooth muscle, however, contains
very little creatine phosphate and ATP breakdown can, there-
fore, be shown without interference from creatine phosphate
(Somlyo and Somlyo, 1970).

Work done during an isometric contraction is greater
in smooth muscle than in skeletal muscle because of the much

larger series elastic component of smooth muscle, 15 to 20%
compared with 3 to 4% in skeletal muscle (Somlyo and Somlyo
1970). In skeletal muscle the creatine pnosphate, 10 to 30
umoles/g is the immediate source of rephosphorylation of ADP.
In smooth muscle the concentration of creatine phosphate is
much lower, about 0.2 to 0.8 umoles/g and it's contribution
to the resynthesis of ATP is much smaller than in skeletal
muscle. In smooth muscle much of the ATP is synthesized from
glycolysis and oxidative-phosphorylation during contraction
which is undoubtedly facilitated by smooth muscles slower

speed of contraction.

T4



Addition of beta-hydroxybutrate, a substance which
would lead to the production of ATP only through the mito~
chondria, abolished rhythmicity. When glucose was added
back to the substrate depleted muscle, a rapid increase in
tension and inhibition of the phasic mechanical contrac-
tion was seen (Bose and Bose, 1977).

Because ATP in canine trachealis muscle must come
from either glycolysis or oxidative-phosphorylation and
since tonic contractions could not be maintained by anerobic
glycolysis alone it was suggested that mitochondrial ATP was
required to produce the tonic contractile response of acetyl-
choline and histamine. DBoth ATP and creatine phosphate were
found to be significantly decreased in the substrate de-
pleted preparation. In the presence of carbachol the reduc-
tion in ATP concentration was even greater. It was suggested
that since potassium produced a maintained contraction during
metabolic inhibition, i1t was possible that ATP concentra-
tions were not fluctuating in the area of the contractile
proteins and that it may be possible that cytoplasmic cal-
cium levels caused rhythmicity when carbachol was given to
a tracheal strip in glucose free medium. Bursts of spikes
were associlated with each mechanical oscillation and there
were oscillations in the Ey associated with slight oscilla-
tion in the tonic contraction long before the rhythmicity

appeared. The membrane depolarized 7-15mV before the oscil-



lations in EM were seen. Studies with the sucrose gap
technique showed similar results and the EM decreased when
plucose was added back to the medium. It is reported that
D-600 in relatively low concentrations preferentially ab-
olished the phasic contractions without affecting much the
tonic component of the carbachol response. Illigher concen-
trations of D-600 completely relaxed the muscle suggesting

that alterations in calcium movement had occurred under
conditions of ATP depletion.

Removal of extracellular calcium had similar effects
as D-600, showing that rhythmic muscles had a greater sen-
sitivity to calcium removal., Increasing calcium concentra-
tion increased the amplitnde of the contractions. It has
been suggested that the decrease in ATP may be at least
partly responsible for the production of rhythmicity. It
is suggested too that tonic contraction is sustained only
when ATP production, by mitochondria, is available since
rlycolysis alone conld not maintain a tonic contraction.

4 decrease in ATP levels could alter the membrane
characteristics by altering the membrane bound calcium there-
by affecting G, and directly increasing excitability. Trans-
membrane flux of calcium was found to be important when the
muscle was depolarized with potassium or when metabolically
depleted. Similarly canine trachealis muscle which is meta-

bolically depleted appears to depend more on external cal-
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cium. It is susrmested that some internal store of cal-
cium which 1s necessary for maintaining a tonic contrac-
tion with carbachol is depleted and unavailable Tor con-
traction.

It has been sugrested that pacemakers may be masked
under normal conditions and unmasked with glucose depriva-
tion (RBose and Bose, 1977). In a similar manner it is POS~
sible that stable membranes may be labilized to produce
action potentials,

It should be mentioned too, that Souhrada, et al,(1976)
also observed what they term "spontaneous'" rhythmic behav-
ior in tracheal smooth muscle. Such spontaneous activity
is seen, however, only after lengthy equilibration periods

which will ultimately impair metabolic function.

Denervation

Since Reisselsen's anatomical description of airway
smooth muscle in 1822 and Varnier's observations in 1779 of
it's powers of contraction, the control of airway smooth
muscle has been frequently investisated. Although our know-
ledge and understandings of smooth muscle has crown tremend-
ously since those early vears, the state of smooth muscle
physiology still 1ags far benind that of skeletal and car-

diac muscles. This is understandable when one considers

the vast functional diversity of this muscle throughout the
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mammalian system.

An attempt to cover the physiological role of smooth
muscle, at the tissue and cellular levels, is beyond the
scope of this thesis, however, 1t is important that some
fundamentz2l concents be established in order to form a foun-

datieon for further discussion.

18]
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he early investigators, that have been pre-

viously mentioned, have made reference to denervation and

.

its effect on airway smooth muscle. Some, like Ellis, found
that the peristaltic activity was intensified by bilateral

vagotomy, (©1lis, 1236) while others have made reference to
pathological processes involving airway smooth muscle inner-
vation and the resultant rhythmicity of the smooth muscle
which accompanies it, (Reinberg, 1925; Macklin, 1929; Loof-
bourrow, et al, 1057). lMore recently, however, numerous
investigators have observed that inhibition of motor control
of various muscles (smooth and striated muscle) can result
in either spontaneounsly active rhythmic behavior or phasic
responses that can be induced by a variety of stimuli.
Rhythmic activity has been reported in numerous dener-
vated skeletal muscle preparations, mouse dilaphragm, rat

gastrocnemius, soleus and extensor digitorum longus, goat

gastrocnemius and many others (DBowman and Raper, 1967;
Smith and Thesleff, 19076; Camerino and Bryant, 1976a;

Bryant and Camerino, 1976b; lorkovic and Tomanek, 1977).
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Many investigators have reported similar observations but
the actual mechanism(s) linking denervation with rhythmicity
has yet to be found. A decrease in the EM of approximately
10mV appears to be a characteristic phenomenon of the chron-
ically denervated skeletal muscle. This depolarization of
the muscle fiber has been reported anywhere from 3 to 18
days after denervation, (Smith and Thesleff, 1976; Camerino
and Bryant, 1976a; Bryant and Camerino, 1976b; Lorkovie and
Tomanek, 1977). Accompanying this depolarization are signs
of rhythmic behavior, tetrodotoxin resistant action poten-
tial and a siznificant increase in the membrane resistance,
(Bowman and Zaper, 1067; Smith and Thesleff, 1976; Camerino
and Bryant, 1076a; Dryant and Camerino, 1976bj; Lorkovie and
Tomanel, 1977). The meabrane of normal mammalian skeletal
muscle is hirshly permeable to chloride ions and the low mem-
brane resistance vslues recorded in such muscles are prob-
ably due to their hich chloride conductance (Lorkovic and
Tomanek, 1Q077). After chronic denervation, however, the
chloride condunctance falls dramatically to near zero while
the potassium conductance is reported to be unchanged or in-
creased, and it is this which is suggested as being respons-
ible for the increase in membrane resistance, and signifi-
cant increase in membrane capacitance (Camerino and Bryant,

1976b; Lorkovic and Tomnanek, 1077). This decrease in chlor-

ide conductance is also believed to be responsible for the



abnormal excitability and rhythmic activity of the muscle.
These denervated muscles also show a certain degree of nus-
cle tone which appears to ve dependant on the frequency of
the spontuneous contractions (Bowman and Raper, 1967). The
mammalian skeletal muscle fiber apparently requires a high
chloride conductance in order to maintain stability of its
excitable membrane to prevent abnormal repetitive firing or
sensitivity to depolarization (Camerino and Bryant, 1976a;
Bryant and Camerino, 1276b). It has been suggested that in
the experimentally myotonic or denervated muscle, both of
which have been found to have low chloride conductance, in-
fluences from the motor nerves (i.e. action potentials or
"trophic factors") are absent or somehow prevented from main-
taining the normally larce chloride permeability of the mam-
malian muscle fiber., As a result, there is an increase in
the excitability and a tendency to fire repetitively in these
muscles (Bryant and Camerino, 1976b).

Smith and Bowman et al, have found that catecholamines
enhance the spontaneous activity in the denervated mouse dia-
phragm as well as the rabbit and cat tibialis and soleus
muscles. The enhanced part of the activity, due to the

amines, is unaltered by alpha blocking agents but is abol-

ished by beta receptor blocking drugs in doses smaller than

L2

1 1

any that micht depress the background rhythmicity (Bowman

and Raper, 10075 Smith and Thesleff, 1976). Ouabain and a
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potassium free bathing solution were observed to revers-

ibly block the rhythmicity. It is suggested that catecho-
lamines and ouabain could éffect this activity either dir-
ectly through an action on the membrane excitability or
indirectly via the sodium-potassium pump, and that the spon-
taneous action potentials observed in these preparations re-

sult from a regenerative change in sodium conductance (Smith

and Thesleff, 1976).

4

't is not known whether the changes in lon conduct-
ance that follows denervation are caused by the removal of

a trophic effect of the nerve or by the lack of electrical
activity, mechanical activity or both. OSince artificial
stimulation of denervated muscle reversés most of the changes
in the electrical properties caused by denervation, it is
likely that ilonic conductance changes would also be reversed
by muscle activity. It has been suggested that activity 1s
involved in the maintenance of normal ionic conductance
(Lorkovic and Tomanek, 1977).

Spontaneous phasic electrical and mechanical oscilla-
tions are commonly observed in many smooth muscles, particu-
larly those classified as single unit, e.g. intestinal smooth
muscle, uterus, mesenteric vein, pulmonary artery and many
others (Somlvo and Somlyo, 1968a; Somlyo, et al, 1969;
Prosser, 1974; Il-Sharkawy and Daniel, 1975b). Such activity

is not, however, a common observance in those muscles classi-
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fied as multiunit, e.g. rat and guinea pig vas deferens,

canine and bhovine trachea and rabbit carotid artery,
(Mekata, 1971; Kirkpatrick, 1975; Stephens, et al, 1975;
Lee, 1975). 1In some multiunit smooth muscles, as in striated
muscle, losé of motor innervation often results in what has

been termed a conversion to a phasic type, (Bose and Innes,

19745 Stephens, et al, 1975; Kroeger and Stephens, 1975;

Mo
Bose and Dose, 1977). The response of these smooth muscles
to denervation in many ways parallels those observed in the
chronically denervated skeletal muscles. Chronic postgang-
lionic denervation or decentralization of either rat or
guinea pig vas deferens or the cat nictitating membrane re-
sults in a slight depolarization of about 1O0mV which is of-

1

ten accompanied by spontaneous rhythmic contractions or rhyth-

micity thaf can be induced by various agents which are not
prevented by TTX, phentolamine or atropine, (Langer, 1965;
Kasuya, 1969; Birmingham, 1970; Lee, 1975; Fleming, et al,
1975; Carrier, 1975). As in skeletal muscle too, the mechan-
ism linking denervation with this oscillatory behavior is
still obscure. A release of transmitter agents from the de-
generating nerve endings has been proposed, (Langer, 1965)
however, this seems ar unlikely possibility since both alpha
and beta receptor blockine agents have been shown to be in-
effective in abolishing the rhythmic response in adrenergic-

ally innervated muscles (Lee, 1975). The rhythmic activity
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is penerally believed to be due to some intrinsic property
of the muscle itself, i.e, myogenic rather than neurogenic
(Tee, 197%; Flemins, et al, 1975a).

4 number of investigators have discussed the possi-
bility that the rhythmic behavior of the muscle may be dir-
ectly related to the decrease in the membrane potential seen
after denervation,

1975a; 1975b; Carrier, 1975; Westfall, et al, 1975). Chronic

(Hudgins and Harris, 1970; Fleming, et al,

denervation of smooth muscle or cardiac muscle has been shown
to cause an alteratlion in the binding of calcium to the cell
membrane (I'leming, et al, 1975a, 1975b; Hudgins and Harris,

1970). Since calcium is involved in membrane stability, and

@]

since potassium conductance and, therefore, the resting mem-~
brane potential appear to be directly related to the amount
of calcium bound, this could result in a reduction in mem-
brane stability which could, itself or through stimulation
by certain agents, alter the membrane permeability, which
could result in the observed depolarization and rhythmic
activity (lludgins and Harris, 1970; Fleming, et al, 1975b).
Such a depolarization could also account for the supersensi-
tivity observed in these denervated muscles since the de-
polarization would bring the membrane potential closer to
threshold so that less agonist or stimulus would be required
to produce a response, (lee, 1975; Fleming, et al, 1975a and

1975b; Carrier, 1975),



Some biochemical changes have been observed in the
denervated smooth muscle preparation and ¥Westfall has re-
ported a substantial decrease in tissue ATP levels one day
after denervation, however, the levels rose significantly
on succeeding days. He has suggested that the decrease in
ATP concentrations may be one of the initial events that
occurs after denervation of smooth muscle (Westfall, et al,
1975).

There are reports that the sparsely innervated smooth
muscles (single unit) have many nexal regions whereas densely
innervated tissue (multiunit) have relatively few nexuses
(Somlyo, et al, 1974). It has been sugpested that the de-
crease in the density of innervation, such as that which oc-
curs with denervation, results in an increase in the incidence
of nexal regions. Following denervation, exposure to an ago-
nist might result in a more co-ordinated contraction (Westfall,
et al, 1972; Bose and Innes, 1974). An improvement in cell-
______ to-cell communication may be more significant in the case of

the response to bulky molecules which diffuse relatively
slowly through the tissue and which does not act through a
specific drug-receptor mechanism (Westfall, et al, 1972).
This may be the reason why Bose observed phasic contractions
""""""" in.metabolically depleted canine trachealis in response to
acetylcholine and histamine, while elevated potassium con-
tinues to give a maintained tonic contraction (Bose and Bose,

1972) .

\



Chapter 11

FORMULATION OF THX PROBLEM



The classification of smooth muscle into tonically
active multiunit and phasically active single unit muscles
has given rise to a series of physiological and anatomical
parameters characteristic of each type (Bozler, 1948). In
recent years evidence has emerged to suggest that some smooth
muscles often exhibit shades of multiunit and single unit
properties, or a characteristic multiunit muscle may behave
like that of a phasically active single unit muscle when the
appropriate treatment and/or stimnlus is applied. Such tis-
sues could be classified as intermediate muscles. The ca-
nine trachealis smooth muscle is such a tissue having multi-
unit features under normal conditions but showins single
unit characteristics after underroing various forms of treat-
ment. Numerous examples of this conversion have been record-—
ed in both skeletal and smooth muscle preparations (3ose
and Innes, 1974; Fleming, et al, 1975; Camerino and 3Sryant,
1976) .

Several studies (Bose and Innes, 197/.; Iroeger and
Stephens, 1975; Bose and Bose, 1977) have shown that it is
possible to make ﬁultiunit tonically active smooth muscles
to exhibit rhythmic activity with the help of drugs such as
tetraethylammonium or metabolic depletion resulting from
substrate deprivation or hypoxia. As mentioncd previously,
my interest in examining the effeccts of denervotion stemmed

from earlier observations (Wwestf{all, ot al, 1972; Dose and

26



Innes, 1974; Lee, 1975; Tlemines, et al, 1075a, 1975b) that
autonomic denervation of multiunit cat splieen capsular
smooth muscle or guinea pig vas deferens also mainifest
rhythmic behavior. The tracheal smooth muscle was used as

o)

an object for study to test if the effects of denervation
applied to multiunit smooth muscles located in different
regions and subserving different functions. PFurthermore,
both spleen capsule (Fillenz, 1970) and vas deferens (DBir-
mingham, 1970) possess a single avtonomic innervation

P

(sympathetic) which is motor in nature. Thus it is not
known as to what will be the effect of dercrvating an inhibi-
tory autonomic nerve. Caninc trachenl smooth mnnscle, he-

cause of it's dual innervation ( motor and inhibitory )

Ifends itself ideally for such exploration,
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MATERTALS AND KiTHODS



Parasympathetic Tlenervation

Fongrel dopgs of either sex, welghing between 7 and
15kg. were used. The animals were anesthetized by an intra-
venous injection of sodium thiopental (Pentothal sodiumRX)
(30mg/kg). The ventral surface of the neck was then shaved
and a 5 to & cm. incision was made midway between the thy-
roid cartilage and the manubrium sternae. Blunt dissection
was used to separate the muscles (sternohyvoidius and the
sternothyroideus) alone the midline to reveal the trachea.
Care was taken not to disturb the vasculature supplying these
muscles or the trachea and only minimal exposure of the re-
current laryngeal nerves, which lie on either side of the
trachea was done.

Ligatures were tied around the recurrent laryngeal
nerves at a level midway between the larynx and the tracheal
bifurcation. Both nerves were then sectioned at that point
and a2 length of each nerve (3-4 cm.) anterior to the section
was carefully removed. Another ligature was tied loosely
around the trachea at the level at which the nerves were
sectioned. This served as a point of identification to show
exactly where the recurrent laryngeal nerves had been cut
and to identify the innervated from the denervated sections

1

of the trachea. The wound was then closed with Michell

clips and cleared with normal saline. To guard against in-



fection the animal was riven ampicillin sodium (Penbritin-
1000f%) 500 me. 1.1

In order to cstablish an adequate control and to see
what effect surcery alone might have, sham surgery was per-
formed. The technigue was identical to that for denervation
except that the recurrent laryngeal nerves were not cut.
Once it had been established that trachea from the sham
operated animals behaved like that of normal unoperated ani-
mals and the tracheal muscle caudal to the section in the
denervated dorss also behaved like that in normal unoperated
animals, we felt it safe to assume that the posterior (inner-
vated) half of each trachea could serve as the control for
the anterior (denervated) half. Smooth muscle preparations
were obtained 1, 2, 4, 10, 15 or 20 days after nerve section.

In & experiments, the main trunk of the varus, on both
sides, was sectioned at the same level as in the case of
the recurrent laryngeal nerves. However, this procedure was

likely to affect both parasympathetic as well as sympathetic

fibers as the cervical vagus in the dog is combined with the

sympathetic trunk.

The dogs were generally fasted for 24 hours prior to
being anaesthetized by an intravenous injection of pentobar-
bital sodium (35mg./ke.). As much of the trachea as possible
was quickly but carefully removed and immedintely placed in

a beaker of ice-cold physiological solution of the following

a0



composition, (in mM): NaCl, 118; KC1, L.7; CaClsy, 2.5;
KHaPO) , 1k NgSOh, 1.23 NaHCO3’ 25 and glucose, 11. The
dog was then killed by an intracardiac injection of a satur-

ated solution of pentobarbital sodium.

Isolation of Smooth Muscle Preparation

In order to clean the preparation, the trachea was
placed in a dissecting tray filled with ice-cold Krebs-
Henseleit solution and continuously bubbled with 95% 02 and
5% COQ. The tough membranous sheet of connective tissue which
adheres to the muscle on the dorsal side of the trachea/was
carefully dissected free. The trachea was then transversely
sliced into rings, each ring being given a letter, D or I
(denervated or innervated) and a number designating it's posi-
tion in relation to the point of section of the recurrent
laryngeal nerves. (fig. 1)

Muscle strips 1.0-1.5 cm. long and 10-35 mg. wet weight
were carefully removed from each ring. Fach muscle was
mounted in a 10 ml., jacketed organ bath and connected to a
Grass FT~03C force displacement transducer for recording iso-
metric contractions. Contractions were recorded on Grass
polygraphs (Models 7 or 5), Brush 280 and Beckman RM récorders.
The latter two had rectilinear pens. In some experiments the
first derivative of the tension recording was obtained by

\

electronic differentiation. This allowed emphasizing small

al
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Fig. 1 Canine Trachea: showing anatomical demar-

]
cation of denervated and innervated sectiions.
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but rapid oscillations ﬁuporimpoSed slow but on larpe ampli-
tude tonic tension changes.

The physiological solutions bathing the muscles were
aerated with a 95-5% mixture of 02~-CO2 and maintained at A

pll of 7.3 at 3790, Resting tension of the muscle was ad justed
to obtain the optimal length (Iy) for development of active
tension (Pg '. Based on our previous experience, this amounted
to a passive tension of 0.8-1 g.

After a 1 hour ecuilibration period, the musc les were
exposed to 2 X 10"7 17 carbachol, (Siema Chemical Co.). Dener-
vated muscle strips ushnally showed rhythmic bhehavior within
2 hours of‘being exposed to carbachol, while the innervated
strips as well as muscles from sham and unoperated animals

showed a maintained tonic contraction in the presence of car-

bachol.

Drugs and Chemicals

These were: Aminophylline, Sterilab; Ampicillin

R

sodium, (Penbritin-1000"x), Ayerst; Atropine methylnitrate,

Q

B.D.Hey Carbamylcholine chloride (Carbachole), Simma Chemi-

cal Co.; D-600 HC1l, FKnoll, A.-G.; listamine dihyvdrochloride,

Aldrich Chemical Co. Inc.; Isoproternol HCL (Isoprelnx),

R

Winthrop Laboratories; Ouabain octahydrate (Strophanthin-G x),
Sigma Chemical Co.; Tetrodotoxin, Sankyo Co. Ltd.; O-llydroxy-

dopamine hydrobromide, Aldrich Chemical Co.; Thiopental

D
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sodium (Pentothal sodiume), Abbott Laboratories;
(thylenebis {oxethylenenitrillio)) tetra-acetic acid
(8.G.T.A.), mastman; Pentobarbitone sodium, B.D.H. FPharma-
ceuticals; Tetraethylammonium chloride (TkA), Bastman;
Isethionic acid (Sodium salt), fastman and Sodium Nitrate,

Fisher Scientific Co.

Ouick Stretch and Release

Quick release studies and myogenic activity in re-
sponse to quick stretch were done in 6 experiments by at-
taching the muscle strips to the transducer on one end and
to a servo-controlled electromarnetic device, capable of

rapidly stretching the muscle within 10 msec. on the other

v

end. The amount of stretch was varied between 2 and 20% of
7/

-

the optimal length (LO) and the maximum stretch was twice

as large as the maximum extension of the series elastic com-
ponent. Rectangular command signals were provided with a
function generator (South West Technical Corporation,

Rhapsody, Texas).

Temperature Studies

Temperature studies were performed on tracheal musc les
from 6 animals. Three 15 cc. test tubes were embedded in an
aluminum block mounted on a Pelltier effect thermoelectric

device (Stir-Kool SK-14; Thermoelectrics Unlimited Inc.).



The aluminum block allowed an even distribution of heat.

Two of the 15 cc. test tubes served as organ baths in which
tissues were suspended from Grass Force-displacement Trans-
ducers FT-03C. The third test tube contained the same physio-
logical solution as the organ baths but served as a medium

for two thermistors. One of them led to the temperature
controller (Thermistemp, Yellow Springs Instruments Co., Inc.)
and the other to an electronic thermometer (Tele-thermometer,
Tellow Springs Instruments Co. Inc.). With such a set up

the temperature of the bathing solutions in the organ baths

could be set or changed to any desired value.

Ilectrophvsiology

Floating glass microelectrodes were used for recording
intracellular electrical activity (n=5). The microelectrodes
were drawn from glass capillary tubes (OMEGADOT; Fredrick
Haer). The tip was filled with 2.7 M KC1 by capillary action
and the rest of the electrode was backfilled with a syringe.
Electrodes of 25 to 50 I resistance and having tip poten-
tials less than 5mV, were used and were connected to a high
input impedance amplifier (Neuroprobe; Transidyne Corpora-
tion). Both electrical and mechanical activities and their

first derivative were recorded on a Hewlett Packard 14L1B

oscilloscope as well as on a Brush Mark 280 recorder.



Bathine Medinms
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Sympathetic Dencrvation

Becaunse of the difficnlty in isolatines the adrenergic
innervation of the trachea a chemical postganslionic denerva-
tion was done.

Five dors were treated with two intravenous injections
of 6-hydroxydopamine (30 mr/kg) on successive days. O-hydroxy-
dopamine acts by destroying sympathetic nerve endings; it does

not appear to damare perinheral adrenercic nerve cell bodies
b} - (o)

or proximal axons (Thoenen and Tranzer, 1973).

O
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Biochemical Detorminations

Adenosine triphosphate (ATP), was assayed Spectro-
photometrically by the methods described by Pawaz and Fawazn
(Schwartz, 1971).

Hexokinase Method for ATP

The following enzymes are needed for this method: glu-
cose-H-phosphate dehydrogenase (G-6-PDH) and hexokinase (HK).

The assay 1s best described in terms of the reactions involved.

glucose + ATP > clucose-O-phosphate + ADP (1)

G~6~DDII
- + " -
glucose-6-phosphate + TPIT === f-phosphogluconate + NADH+H

In the presence of HK, IFg ilons and an excess of glucose, ATP
transfers a phosphate to glucose producing glucose-O~phosphate
(reaction 1). The ~luncose-6-phosphate then menerates NADH
from NAD as it becomes dehydrogenated (reaction 2). At equili-
brium, recactions one and two are in favour of the reaction pro-
ducts, and so ATP is quantitatively used up; lumole of ATP

forms 1 umole of TPNH. A quantitative amount of ATP can be

determined by means of the followine formula:

. B T000x1 I m
Vx = x ~§ZT&~ X pg = AT? (x moles)

Where V= Total volume of the extract
k

]

extinction coefficient (A.22)

X volume of sample used in «l

]

ne wet welcht of muscle beings sSampled in mg

AL

change in absorbance

a6

(2)
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Assessment of Parasympathetic Denervation

¢

At designated days after denervation dogs were anes-
thetized with pentobarbital sodium (30mg/Kg) and the intact
vagl on both sides of the trachea were exposed. Bipolar
platinum cuff electrodes were placed around each vagus and
the central end of the nerve was clamped with a pair of haemo-
static forcepts.

in endotracheal tube, equipped with two balloons
(fir. 2) was then inserted into the trachea. The tube was
positioned so that one balloon could be inflated in the pos-
terior innervated section of the trazchea while the other bal-
loon was in the anterior denervated segment. The balloons
were filled with water and connected to Statham P23 Db pres-
sure transducers while changes were recorded on a Grass poly-
graph.

Stimulations were delivered with a Pulsar 6 stimulator
(Frederick Ilaer and Co.), and consisted of square wave trains
having frequencies of 1, 2, 3.3, 5, 10, 20, and 33Hz with a
pulse duration of 0.5 msec. and a supramaximal stimulus ampli-
tude. Both balloons were distended to equal pressures of
about 50mmllg and a change in intraluminal pressure on nerve

el

stimulation. indicated contraction of the tracheal smooth muscle,
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Fig.

Method of evaluating parasympathetic de-~
nervation in the doz. Two separate bal-
lons in an intratracneal tube were conn-
ected to pressure transducers. The per-
ipheral end of the transected cervical
vagus nerve was stimulated bilaterally
with rectangular pulses. The anterior
half of the trachea was denervated by bi-
laterally sectioning the recurrent laryn-

geal nerves.

(97b)



Chapter 1V

RESULTS



Relationship of Rhvthmicity and Innervation

In those experiments where the trachea was half dener-
vated and half innervated (n = 23) it was of interest to de-
termine the efficiency of the surgical technique. DMuscle
strips from both anterior and posterior segments of the
trachea were mounted in baths and stimulated with carbachol
(2x1077M) after a suitable equilibration period. Analyzing
each experiment and then graphing the mean incidence of rhy-
thmicity (85%) (fig. 3) shows that the anterior segments of
the trachea, i.e. the denervated muscle strips, showed a
significantly greater (P<.00L) incidence of rhythmic be-
havior after stimulation than did the innervated posterior
secments, (15%).

Those muscle strips nearest the ligature showed some
variability which may be related to some uncertainty regard-

ing exact functional demarcation of the denervated zone.

The Zffects of Agonists on Innervated and Dennervated Tracheal

Smooth Muscle

Various drugs and chemicals are capable of inducing a
contracture in tracheal smooth muscle. The response of this
smooth muscle to carbachol, histamine and potassium chloride
are well documented (Bose, 1975; Suzuki, et al, 1976; Bose

and Bose, 1977). It was of interest, therefore, to see what

O
O
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Fig. 3 Canine Trachealis: 1incidence of rhythmi-

city with carbachol (zx10—7 M) in inner-
vated (I) and denervated (U) Segments.
recurrent laryngeal nerves transected be-

tween D6 and Il.

(99b)



type of response might be produced by the denervated pre-
paration after stimulation by these agonists. bach treat-
ment represents a minimum of 5 experiments,

In the uﬁtreated animal (normal trachea) the muscle
strips, equilibrated for two hours prior to stimulation

with carbachol (2x10771), histamine (107°k) and potassium

0

chloride (80mM), (fig. L4A), responded with a maintained tonic
contraction typical of the documented multi-unit response.

The posterior segments of the treated trachea, i.e. the inner-
vated muscle, responded in a similar fashion to the same three
aronists, (fig. 4B), indicating that the innervated muscle
strips behaved like that of the normal preparation. The
denervated, anterior sesments, of the tracheal muscle re-
sponded much differently, however. Carbachol and histamine,
in the same doses as those used in the control, produced
oscillating or phasic type contractions within minutes of
stimulation. The rhythmicity was initially often variable

in amplitude and period resulting in a somewhat irregular
pattern but gradually became more regular with time, (fig. LC),
responding in a manner typically described as that of a single
unit smooth muscle. Potassium chloride, on the other hand,
continued to show a maintained tonic contraction identical

to those observed in the normal and innervated tracheal

strips.
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Fig. 4 Canine Trachealis: effects of various

agonists, carbachol (carb.; ZXIO"/ M,
histamine (hist.; 1077 i), and potass—

ium chloride (KC1l; 80 mM).

(I00D)



Sympathetic Denervation

Since the varus nerve carries both sympathetic and
parasympathetic innervation to the dog trachea, and results
had shown that sectioning the recurrent laryngeal nerve
caused rhythmic behavior, it was necessary to determine
whether or not inhibition of the sympathetic collaterals
off the varsns affected the mechanical responses of the
tracheal muscle. Five dogs were treated with two intravenous
injections of 6-Liydroxydopamine (30mg/Kg) on successive days.
The muscle strips taken out on the third day did not show

any rhythmic behavior in response to carbachol.

I

Effects of Tetrodotoxin on the Phasic Contractions

Tn order to determine that the oscillatory behavior
of the muscle was due to the muscle itself and not due to
indirect effects mediated through transmitters released from
nerve terminals that might still exist, six experiments were
done with the arent tetrodotoxin. Tetrodotoxin is known to
inhibit conduction in both preganglionic and postganglionic
nerves and is often used as a physiological tool to differ-
entiate between direct muscle response and those produced by
neural stimulation. Firure 5 shows the effects of tetrodo-
toxin (lO—GM) on the rhythmically active denervated smooth

muscle preparation. This potent neurotoxin did not abolis!
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Fig. 5 Denervated Canine ''rachealis: rhythmi-

city induced by carbachol (leo_7 M).

6

Effects of tetrodotoxin (TTX; 107~ H).

(101b)



the rhythmic behavior of the muscle.

Components of the Phasic Contractions

In a number of experiments there was evidence that
there were smaller oscillations superimposed on the primary
rhythmic mechanical contractions. A closer look at ﬁhe rhyth-
mic contractions revealed that each slow oscillation, which
had a period of 1-3 minutes, was made up of many smaller but
faster oscillations which showed up much better when the
first derivative of the isometric tension trace was obtained
with the help of a differentiator (fig. © ). Even though
such fast phasic contractions were not always evident on the
tension trace (fig. 6 ), differentiation of the mechonical
response invariably showed that the slow waves had a super-
imposed rapid phasic component, (n = 6).

Electrical studies using glass microelectrodes (n=5)
showed that 1 -20 mv electrical oscillations were associated
with each rapid phasic mechanical oscillation. The frequency
of the spike like activity was highest during the peak of the
slow rhythmic contractions and slowest during the relaxation

phase.

Myvogenic Response

1

A myogenic response of muscle to quick stretch is a

characteristic property of n sincle unit rhythmic muscle,
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Fig. 6 Denervated Tracheal Smooth Muscle:

Electrical activity (transmembrane)

and its first derivative are shown in
the first and second panel respectively.
Isometric tension changes and their
first derivative are shown in the third
and fourth panels respectively.
Rhythmicity was induced by carbachol
(2x10™ ).
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As there was reason to helieve that the normally quiescent
tracheal muscle had undersone a conversion of sorts from a
multiunit type to a single unit type smooth muscle auick
stretch experiments (n = 6) werc performed in order to test
this. Rapid stretch of the denervated muscle (4 percent of

L resulted in a rapid rise in tension followed by a decay

o)
towards prestretch levels, (fig. 7). Previous studies had
indicated that an optimal response to quick stretch (myo-
genic response) was seen when the muscle was stretched to

about /. percert ol I T™his was Tollowed within 5 seconds

0"
by a cradual but steady increase in tension development
which continued to rise until the stretch stimulus was re-
leased or a peall contracture was reached of about 5 srams
tension. Relcase of the stroteh stimalus caused 2 rapid fall
in tension well below the prestretch value. The musecle then
slowly contracted until it reached it's prestretch level of
tension.

Unlike the denervated preparation, normal tracheal
muscle and those from the posterior segments of the operated
animals did not show an increase in tension development with
rapid stretch, (fig. 7). in equivalent stimulus produced an
initial rapid rise followed by a fall in tension, like that
observed in the denervated muscle. lHowever, no secondary con-

tracture was seen at any point in the duration of the stimu-

lus. Sudden release of the muscle resulted in a rapid fall
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Fig. 7  Quick stretch, (4% of LO) of innerva-
ted and denervated canine tracheal

muscles.
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in tension to slichtly below former resting values. The
muscle then contracted to restore the tension to 1t's pre-
stretch level. fThe rate of recovery after release, (an in-
dication of the active state of the muscle), was much greater
in the innervated preparation and the degree of relaxation,

after release, was much less than that observed in the dener-

vated muscle strips.

Jonic Requirements of Phasic Contractions

Barlier studies have reported that the induced rhyth-
mic behavior observed in normally quiescent muscles may be
due, at least in part, to an unstable resting membrane po-
tential brought about by an altered membrane function in re-
lation to it's ionic environment. Changses in the ionic con-
stituents or ionic proportions in the bathing medium, brought
about by chanres in the membrane function and/or structure,
may be partly responsible for the observed phasic réSponses
in the denervated tracheal smooth muscle. In order to study
the ionic requirements of the rhythmically active nuscle a
number of experiments were done in which the ionic environ-
ment was altered.

Calcium

Free calcium concentrations were calculated by the
method described by Iamai and Takeda (1067). The normal ex-

ternal Ca'" concentration in Xrebs llenseleit solution is
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Fig. 8 Jenervated Canine Trachealis: Rhythmicity

7

induced by carbachol (<x10™ ' ). Effect
of different indicated low calcium concen-
trations (top panel) or .5mll calcium to

Krebs—-Henseleit (middle panel) or D-600

(IOM7M) (bottom panel)
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2.5 mi, Reduction of the external calcium concentration

in 5 experiments, with the help of an GTA-Catt buffer
(fig. 84) (calcium reduced to 1.5 X 1Of3N) rapidly and pref-

erentially inhibited the rhythmic contractions while the
tonic component of the carbachol response was appreciably
reduced only when the calcium concentration was reduced

-6

more dramatically to 0.5 x lO"BM and 4 x 107°M respectively.
While removal of calcium from the bathing medium re-

sulted in a loss of riaythmicity and ultimately a decrease in

tension a similar and opposite effect was observed with the

addition of 2.5 mi calcium to muscles bathed in normal Krebs

liensleit solution (fig. €B)(n = 4). The additional calcium

" had the effect of abolishing the oscillations, similar to

that observed when the external calcium concentration was re-
duced, yet there was a substantial increase in tension.

The effects of DN-600, a chemical tool known to block
the active influx of calcium associated with action poten-
tials was examined in 5 experiments. D~-600 abolished the
raythmic contractions in rhythmically active denervated mus-
cle strips in very small concentrations (10~7M) that did not

much effect the tonic contractions, (fig. 8C).

Chloride Replacement

Because chloride has been directly implicated in, and
reported to be a possible source of the rhythmic activity

observed in some skeletal and smooth muscles, (El-Sharkawy
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and Daniel, 1975; Camerino and Bryant, 1976), a study of
this anion and it's possible role in the denervated tracheal
muscle rhythmicity was cxamined in & experiments.

The eflects of replacing the chloride concentration
in the bathins medium with different ion substitutes are re-

presented in figures 9 and 10. The response observed by re-

P4

T

placine chloride in normal Frebs lienseleit solution with 25
percent sodinm isethionate, a less permeant anlon, was an
initial increase in tension accompanied by a decrease in

m

amplitude and a slight increase in baseline tension. the
frequency of the oscillations increased only slightly (fir.0).
With further replacement of chloride by this anion ( 50975 %=
T100%) peak tension progressively decreased and all rhythmic activ-
ity was eventunlly lost. The rhythmicity usually returned
and the tension recovered upon washing the mascle in normal
Krebs Henseleit solution.

Replacement of chloride ion with a more permeant ion,
sodium nitrate (25%) resulted in an initial contraction of
the muscle similar to that observed with sodium isethionate

(fiz. 10). Further replacement of chloride with 5005, 75%
[ I )

and finally 100% sodium nitrate resulted in a gradual but

w

steady decrease in muscle tension,

The amplitude of the phasic contractions appeared to
be affected much more by the nitrate anion than by sodium
. 10). The initial replacement of chloride

isethionate, (fi

<o
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Fig. 9 Denervated Canine Trachealis: Effect of

different degrees of chloride replacement
with isethionate on various parameters of
rhythmic contractions due to carbachol

(2x10—7 M).

Fig. 10 Denervated Canine Trachealis: Effects of

different degrees of chloride replacement
with nitrate on various parameters of rhy-

thmic contractions due to carbachol (2x10“7 M.
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ion in the bathins medium by sodium nitrate caused a sicni-
ficant decrease in amplitude which progressively fell to
near resting levels as the chloride concentratlon was Se-

quentially reduced. Only when the chloride ion was fully

restored. by washings the muscle several time in normal Krebs
3 J [

Lt

Hlenseleit solution did the amplitude approach near normal
values.

Althouch the mean tension and amplitude decreased with
the prosressive decrease in chloride concentration, the fre-
quency of the phnsic contractions did not chance significantly.
It is interesting to note too, that the mean baseline tension
showed a substantial increase which peaked when the chloride
concentration was decreased to 500 that of normal (fig. 10).
Further loss of chloride ion in the bathing medium resulted
in a gradual decline in baseline tension. Washing out the
sodium nitrate solution with normal Krebs Henseleit caused a
significant decrcase in baseline tension to values AppProxi-

mating those recorded before ion replacement.

Role of the klectrozenic Sodium Pump

Because much discussion has centered around the role
of pumping mechanisms, specifically the electrocenic sodium
pump, in relation to the slow electrical oscillations ob-
served in rhythmic muscles, it was of interest to study the

effects that pump inhibition might have on the denervated
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tracheal smooth muscle preparation.

Ouabain (10“5N), an agent known to inhibit the sodium
potassium pump, was administered to rhythmically active dener-
vated muscle strips (fig., 11)(n = 5). If one assumes that
the crests and trouchs of the mechanical responses correspond
to electrical depolarization and repolarization respectively,
then an oscillating sodium electrogenic pump should be most
active durino repolarization and least active during depolari-
zation. It was expected, therefore, that ouabain should
cause a depolarization by nature of it's ability to inhibit
the sodium pump. This in fact did occur, however, it was also
expected that such an effect would have resulted in an in-
crease in baseline tension associated with a decrease in rhyth-
mic oscillations and that at the point of abolition of the
rhythmicity the baseline tension should have reached the
level of the peaks of the phasic contractions, (fig. 114).
Figure 11B represents the expected and actual results ex-
pressed in graphic form. If the amplitude of the phasic
contractions before giving ouabain is designated "A'", and
the amplitude recorded after the administration of ouabain
is designated "B", while the change in the baseline tension

after ouabain is denoted as "C'", then the percent decrease

in amplitude of the phasic contractions can be expressed as:

_i\_.j\rﬁ._xloo
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Fig, 11 Denervated Canine Trachealis: £ffect of

ouabain (1077 M) on amplitude of rhyth-
micity and baseline tension, (upper trace).
txpected versus observed response to pump
inhibition by ouabain (1072 1) (lower
graph) .

Inset shows schematical changes in base-
line and amplitude of rhythmic contract-
ions. Solid line with slope of 1 repre-
sents i1dealized situation where oscilla-
tions are totally dependent on fluctuat-

ions in electrogenic sodium pumpin.:.

(1081b)



while the percent increase in baseline tension can be

found by the formula:

L-C % 100

The results, as shown in figure 113 were contrary to these
expectations. The decrease in amplitude of the phasic con-

tractions exceeded the increase in baseline tension.

Temperature

Maximum activity of the sodium potassium pump is de-
pendant, in the mammal, on an optimal temperature, which
generally centers around 37°C. Pump activity can be reduced
and eventually abolished by a reduction in temperature be-
low that optimum value, Figure 12 illustrates the results,
observed in 6 animals, after such a decrease in temperature,
on rhythmic activity in tracheal smooth muscle. A drop in
temperature of only 3-4°C effectively abolished the rhythmic
activity which was accompanied by a significant increase in
baseline tension. Tension continues to increase as tempera-
ture decreases. In a number of experiments tension continued
to rise until the temperature reached 15°C at which point a

lateau stage in tension development was attained. Rewarm-

o]
{

3
=

oy

I_I

the preparation resulted ir an almost immediate loss

ng o

s

f tension as the muscle relaxed to near baseline levels,

Q

Al

F \ 3 O . .
A48 the temperature approached 37 °C tension redeveloped to
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FPig., 12 Canine Trachealis: Rhythmicity induced

by carbachol (2x10"7 M) .

Effect of lowering the temperature.
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near previous levels and mechanical oscillations were

again observed,

ATP Content in the Denervated Tracheal Fuscle o

Surgical denervation was performed on O animals,
The neural innervation of the posterior section of the
trachea was left intact so as to serve as an internal con-
trol for each experiment. The ATP content of both the an-
terior denervated and the posterior innervated segments
of the muscle where obtained and a paired T-tent was used
to analyze the results (fig. 13). As can been seen from
the’graph, the innervated muscle segments showed a signifi-
cantly greater ATP content (mean 1.MM /om wet tissue) than

the denervated segments (0,%M /=m wet tissue), (P=0,01).

Invivo Exveriments

Whole animal experiments were norformed on 5 ¢doms by
the technioue described in the methodn and dinsramaticnlly
represented in fig. 2.

L

The results of a2 typical experiment are shovin in
fig. 1. Stimulation of the vagus nerve ot one hertz (liz)
produced a small contraction of 5 mmlly tension in the inner~

e denervated

vated muscle but no response was observed in tl

~

muscle segment. An increase in the frequency of nerve

stimulation from 1 lz to 3.3 Hz, 10 liz, 20 l» and 33 Hz re-
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Fig. 13 ATP content of innervated and denervated

canine trachealis muscle.
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éulted in a procsressive increase in the contraction of the
innervated tracheal segments from 5 to 21 mmlig, while
little or no response was observed in the denervated muscle
at the lower frequencies. Occasionally a small contraction
of about 2 — 5 mm was observed in the denervated pre-
paration when stimulated at 32 Hz. This may have been due
to a passive spread of the electrical stimulus from the in-
nervated to the denervated segment of the muscle.

Control studies, in which no surgical denervation was
performed, showed that the normal trachea behaved like that
of the innervated tracheal segments. Increased neural stimu-
lation resulted in an increased muscular contraction along

the entire length of the trachea,
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Fig. 14 Evaluation of parasympathetic denervation

in the dog.

A. represcnts posterior tracheal section

in the normal dog

B. represents anterior tracheal section

in the normal do;

C. represents anterior denervated tra-

cheal section of the surgically dener-

vated dog

D. represents theposterlior innervated

secction of the surjgiczlly operated doge.
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Chapter V

DISCUSSION AND CONCLUSIONS



Stimulation of the distal end of the trachea with
carbachol, histamine or elevated potassium consistently
caused tonic contractions. Since this end had intact inner-
vation, it can be concluded that the surgical procedure,
per se, did not alter the properties of this segment and
allowed it to behave like the normal tracheal smooth muscle
obtained from unoperated dogs., Likewise, it can be reason-
ably concluded from the pressure measurements and vagus
nerve stimulation experiments that the proximal portion of
the trachea, which showed rhythmic behavior to carbachol or
histamine was indeed functionally denervated inspite of our
not having done structural studies to prove the point be-
yvond any doubt. The care taken in separating the cut sec-
tion of the recurrent laryngeal nerve ensured that the dener-
vation was well maintained over the maximum observation per-
iod of 20 days.

Our studies with 6-hydroxydopamine treated animals in-
dicates that the denervation of inhibitory sympathetic nerves
does not induce rhythmicity. In the previously cited studies
done on spleen and vas deferens, it was sympathetic denerva-
tion which caused rhythmicity. The only common feature in
these experiments and ours on the trachea was that in both
cases rhythmicity was only produced by motor denervation.

Unlike receptor specific pharmacological agents, ele-
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vated potassium caused toric contractions in both inner-

vated and denervated muscles. The action of increased ex-
ternal potassinm on trachen? smooth muscle differs {rom

those aronists like acetylchinoline in that tension develop-
ment is related to a much rreater extent on membrane depolari-
zation (Farley ~nd Files, 1077) . UWnile it cannot be explained
as to why arorts depending on electromechanical coupling {e.g.
potassium) are not successful in causing rhythmicity as com-
pared to agents dependant on pharmacomechanical coupling, it
does remain a consistent observation even in cases of rayti-
micity induced by substrate deprivation (Bose and Zose, 1977).

t tetrodotoxin
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of excitable cells, there are renorted exceptions in which

1
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i

this arent does not block sodinm channels (e.s, puffer fich)

Marahashi, 1972).

-1
~d
Py
~

(Gershon, 1907; Somlyo and Somlyo,
This toxin is ~iso 'mown to block both preganglionic and

postoanslionic nerves) excited by trancmural stimalation an
well as thronzh the action of various nearotransmitters in-

cluding acetvicholine. "The induced phasic activity observed

-

5
}

nears to be

&

in denervated c-nine trachesl smooth mniscle ar

'J

completely urafected by tetrodotoxin. This 1s not surpriz -
ing since it Is lknown that tetrodotoxin does not inhibit
spontaneous electrical activity in vertabrate srmooth muscle

or that produced by direct electrical stimulation (Kuriyama,
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et al, 1066). Such a response, however, does indicate

that the mechanical oscilations in the denervated tracheal
muscle represents a phenomenon occuring in the muscle it-
self rather thin an eflfect medinted throush the release of
transmitters from nerve terminals. It also provides evi-

~
£

dence to surcest that the depolarizing phase of the electri-

cal oscillations obhserved at the muscle membranc are due to
some ion current other than sodium. If excitation and con-
traction are a coupled process, it wonld seem reasonable to
sucgest that the rising phase of the mechanical oscilla-
tions may be due to an increase in membrane permeability to
calcium.

Differentiation of the mechanical trace revealed that
the slow waves were made np of small but rapid oscillations
which corresponded with the electrical changes in the membrane
whether the slow wave oscillations result from summation of
the fast oscillations or the two represent independant phenom-
ena is not vet clear, It is posnible, however, that the slow
phasic component may be dne, at least in part, to fluctua-
tions in chloride current. Such a mechanism has been proposed
(El-Sharkawy and Daniell975b) %0 describe the secondary depolari-
zations observed in the cat “eifunum and for the fibrillatory
behavior of t!'e denervated nleletal muscle reported by Bryant
and Camerino. Shloride is believed to have a substantial ef-

fect on the restine membrane potential of most smooth musc les
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and it has been calenlated that a chloride pump may contri-
bute as much as 15 mV to the resting membrane potential of
the taenia coli (Droogmans and Casteels, 1976). The membranes
of normal mammalian skeletal muscle requires a high chloride
conductance in order to maintain stability of it's excitable
surface membrane and prevent abnormal repetitive firing or
sensitivity to depolarization. In the denervated spontan-

3

eously active preparation the influence of the motor nerves

(i.e. the action potentials or trophic factors) are no longer
present and this is sugrested as being responsible for pre-
venting the muscle fibers from maintaining their normally
high chloride permeahility resulting in spontaneous phasic
contractions (3ryant and Camerino, 19706).

Other characteristics of sincle unit muscles were also
exhibited by the denervated muscle. One of thom is the myo-
genic response to rapid stretchins. 3Burnstock and Prosser
(1960) have shown that myosenic response occured only in single-—
unit smooth muscle and is probably as a result of membrane de-
polarization in response to mechanical perturbation. Myo-
genic response was only elicited in the denervated tracheal
muscle in the presence of carbachol after rhythmic contrac-
tions had been established. The response was absent in the
resting and carbachol stimulated innervated muscles as well as

in the restinrs denervated muscle. This implies that stretch

induced membrane events can only occur afterv the excitability

116



of the cell is altered by carbachol. However, it seems
that denervation sets up the conditions necessary to allow
this to happen.

P

" ltinnit smooth muscles show a characteristic absence

bmd

of action potentials or oscillatory slow potentials when
stimulated. It has heen demonstrated that this is the case
with canine tracheal smooth muscle (Kroeger and Stepnens,
1975; Bose and RNose, 1977). TEA induced rhythmic activity
is accompanied by a ceneration of action potentials (Kroeper
and Gtaphené, 1075). Similarly it has been shown that rhyth-
micity due to substrate deprivation 1s accompanied by rela-
tively ranid spike activity (ca. l/sec) superimposed on slow
oscillations of membrane potential (ca. 1/min.) (Bose and
Bose, 1977). The pattern of electrical oscillations in the
denervated tracheal muscle resembled thot induced by subs-
trate deprivation and there was a good correspondence between
the rapid and slow components of depolarization and the ac-~
companying mechanical oscillations. Given the limitations
of the microelectrode method in which the electrical activity
is recorded from o sinsle cell whereas the mechanical res-
ponse is the average response of all the smooth muscle cells
in the preparation, the close coupling of the mechanical and
electrical activities were striking.

Several other differences between tonic and phasic
(rhythmic) contractions are obvious. Reduction of extra-

cellular calcium cansed preferentizl inhibition of phasic
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éontractions surrestine that different calcium podls may

be involved in the two types of contractions. This impres-
sion was further strencthened by the observation that 1-600,

a calcium current inhibitor (Fleckensteln, et al, 1971}, pre-
ferentially inhibited the phasic response. It will be inter-
esting to see whether D-600 affects the rapid or slow compon-
ents of the electrical oscillations. llowever, these will have
to wait until further studies are done. The effect of elevat-
ed calcium in abolishins phasic activity 1s more difficult

to explain. llowever, calcium subserves many different func-
tions in the excitation-contraction coupling process. Ce-
sides acting as an activator, membrane bound calcium also acts
as a stabilizer and controls ionic permeabllity (Franken-
haeuser and Hodglin, 1957; Hurwitz, et al, 1067). This may be
an explanation for the effect of hirh calcium concentrations
on phasic oscillations. An increase in the tonic component

of tension when the calcium concentration was increased could
also result in an increase in the intracellular stores f cal-
cium to the point where the active uptake mechanisms by the
sarcoplasmic reticulum and /or the mitochondria became satur-
ated and the contractile proteins would become maximally
activated. The increase in tension and loss of phasic activ-
ity observed with the addition of 2.5mM calcium above the
normal concentration may be due to a saturation and maximal
activation of the contractile elements within the muscle

fibers. It is just as likely, however thnt the increased
Y, ’
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extracellular calcium has a stabilizing effect on the ex-
citable surface membranes of the smooth muscle cells.

The cornection between metabolism and oscillatory
phernomena in the cell has been postulated for a long time.
Recent evidence to strengthen this comes from studies in
which oscillatory behavior could be induced by the manipula-
tion of the cell ATP content. Thus tracheal rhythmicity could
be induced by substrate deprivation and this event was accom-
panied by a decrecase in ATP content (Bose and Bose, 1977).
Similarly the Poky mutant of neurospora crassa which has a de-
fect in the oxidative phosphorylation process, exhibits elec-
trical oscillations which are aquite unlike the behavior of the
wild strain which has a higher ATP content (Gradman and Slay-
man, 1975). It was interesting to note that parasympathetic
denervation of tracheal smooth muscle also led to a decrease
in ATP content compared to control innervated muscle sStrips
obtained from the same animal. Thus the effect of denervation
on ATP content in guinea pig vas deferens, first shown by
Westfall, (1975) seems to be applicable to other muscle types
as well.,

The exact mechanism by which a low ATP concentration
can influence muscle properties to cause the oscillatory
phenomenon can only be conjectured. Fluctuations in the in-
ternal ATP corncentration in the vicinity of the contractile

proteins seem to be an unlikely possibility because in that
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case elevated potassium should also have caused rhythmicity.
This was not the case. There 1s wide spread belief that ATP
within the cell may be compartmentalized (Gudbjarnson, et al,
1070). 1t is therefore concelivable thﬁt fluctuntions in the
ATP concentration in the vicinity of the plasma membrane can
turn on or off 2n electrogenic sodium pump (B1-Sharkawy and
Daniel, 1075b). It is nl<o nossible tihat varying ATP concen-
trations may influence caleium pumping and may lead to fluc~
tuations in “heo level of calcium in the vicinity of the inner
face of the membrane. Lt is well known that intracellular
calecium can influence potnansium conductanco and thus vary the
membrane potential. Sperelakis and Schneider (1976) have pro-
posed similar clhianges in metabolically impaired cardiac mus-
cle.

Both cooling and ouabain , a specific inhibitor
of the sodium-potassium pump (Skou, 1965) were found to abol-
ish phasic activity. In bhoth cases the abolition of rhythmic
contractions was accompanied by an increase in baseline ten-
sion. At Tirst sight this would secem to favour the possibil-
ity that oscillstion of an electrorenic sodium pump 1s re-
sponsible for rhythmicity (Prosser and Bortoff, 196%). On
closer examination of the ouabain effect, one conld easily
discern that phasic oscillitions diasappearcd before the basal

tension reached the level of the peal of ecach phasic contrac-

tion. 1If the entire rhytimic contraction was due to turning
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off of the pump then inhibition of the pump should have
caused the phasic contractions to subside only when the
basal tension equalled the peak of the phasic contraction.
Therefore, it is unlikely that the electrogenic sodium pump
is the only mechanism roverning rhythmicity even though
ouabain had an inhibitory effect. Ounbain has been found to
influence the intracellular concentration of other ilons be-
sides sodium and potassium. Casteels (1971) has found oua-
bain to decrease intracellnlar chloride concentrations., Nor-
mal intracellular chloride levels are in excess of the amount
expected on the basis of the Gibbs-Donan eguilibrium. This
has resulted in the helief that an inwardly directed chloride
pump exists in smooth muscle nnd that the resulting electro-
hemical chloride gradient can contribute to the membrane po-
tential. Whether ouabain has an effect on the chloride pump
independently of it's effect on the sodlum pump or whether
the two are linked remains to be known. UNevertheless, if
oscillations in chloride permeability are contributing to the
membrane potential oscillations, then ouabain is likely to
abolish rhythmicity by reducins the electrochemical cradient.
A possible role of chloride lons in the reneration of rhyth-

mic activity in cat jejunal smooth muscle has been sugrested

<

by El-Sharkawy and Daniel (1275¢), and in view of the inhibi-

7

N

tory effect of chloride depletion on raythmic activity in

tracheal smooth muscle, it is temnting to postulate that
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chloride ions may be important in the oécillatory phenomenon
in smooth muscle as has been susgested in the case of dener-
vated skeletal muscle (Camerino and Bryant, 1976).

In summary, many of the changes in tracheal smooth
muscle properties Tollowing motor but not inhibitory denerva-
ccestive of a conversion from a multi to a single
unit type. These changes are similar to the ones seen follow-
ine rhythmicity induced by substrate deprivation. The pre-

cise mechanism by which low ATP concentrations can induce

membrane instabilitv remains to be elucidated.
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