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ABSTRACT

The tonic, multi = unit characteristics of the canine trachealis in vitro
are changed by the agent TEA to those of a single - unit smooth muscle, that is, it
exhibits spontaneous phasic electrical and mechanical activity and a myogenic
response to quick stretch. The membrane is also partly  depolarized and its
resistance is increased. Since the mechanical responses were strongly calcium -
dependent and blocked by the calcium antagonist D-600, these findings suggested
~ an important role for calcium, perhaps in the action potential itself,

The present investigation was therefore undertaken in order to define 1) the
voltage - dependence of the dynamic ion channels and 2) the ionic basis of the action
potential | produced in the presence of TEA. With reference to the firsf, the
influence on action potential parameters of an independent increase in membrane
resistance (effected by partial replacement of external chloride with the less permeant
?sefhiona’re) was investigated to gain insight as to the recruitment of ionic channels
byydepoluriza’rion. Chioride deficiency increased 1) the membrane resistance (rm) by
53% (as determined by measurement o f hyperpolarizing electrotonic potentials (ETP's)
which are directly proportional to membrane resistance), 2) the height of the action
potential by 73% and 3) its maximum rate of rise by 157%. The greater increase
in the maximum rate of rise of the action potential, which is determined by the
inward fonic current, suggests that additional dynamic ion channels are being
activated as a result of greater depolarization produced by a constant current
across an increased resistance .

With reference to the second aim, the possibility that the inward current
is carried by calcium was investigated by examining the effect of D-600 and altered
external calcium concentration on the elecirical and mechanical responses of muscle.
Elevation of calcium from 2.0 to 6.0 mM in the presence of chloride - deficient
TEA solution 1) increased the height of the action potential by 47%, 2) increased
its maximum rate of rise by 222%, 3) decreased membrane resistance by 30% and
4) produced an alternating or phasic pattern in the resistance. Application of D-600

(bath concentration 10_5M) in the presence of elevated calcium 1) reduced the



height of the action potential b‘y 84%“, 2) reduced its maximum rate of rise by
94%, 3) increased membrane resistance by 45% and 4) - stabilized its value.
Corresponding mechanical activity was increased in elevated external caleium and
inhibited by D-600. Calculations of calcium influx suggest that a sufficient quantity
may enter the fibers during an action potential in the presence of TEA to directly
activate the contractile myofilaments. The phasic nature of the membrane resistance
observed in the presence of high calcium is indicative of a relationship between
resistance and local intracellular calcium gradients.

The findings indicate that the dynamic inward current of the action potential
produced in the presence of TEA 1) is controlled by the conductance of voltage -
dependent ion channels, 2) is carried mainly by calcium ions and 3) in turn

indirectly regulates membrane resistance by altering intracellular calcium gradients.
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INTRODUCTION



A. 7 GENERAL INTRODUCTION

Based on functional characteristics, smooth muscles have been placed into

either of two broad classifications known as single unit and multiunit (Bozler,
1948; Burnstock and Prosser, 1960 b). Smooth muscle (SM) cells generally
completely surround the lumen of hollow organs and may possess both sensory and
effector functions (Bulbring, 1955). Single unit muscles are known to respond
with bursts of activity to changes in the degree of distension of the organ. Muscles
with such responsiveness exhibit cyclic depolarization, action potentials (AP's)
and phasic mechanical activity spontaneously, or in response to stimulatory
agonists (Bulbring, 1955; Burnstock et . al ., 1963; Bumnstock and Holman, 1966 b).
These muscles also display good cell to cell conduction of regenerative electrical
activity (Bulbring et. _ci., 1958; Prosser, 1962; Burnstock and Prosser, 1960 b)
and a myogenic response (MR) to stretch (Burnstock and Prosser, 1960 a; Folkow,
1964; Olsen et . _ql_., 1967; Biamino and Kruckenberg, 1969). Some SM's may
be classified as intermediate in that spontaneity can be induced by agents such
as high potassium (K), acetylcholine (ACh) and adrenergic amines which stimu-
late the muscle directly (Biamino and Kruckenberg, 1969; Keatinge, 1966).
Kroeger and Stephens (1975) suggested that the depolarization of these muscles
caused by such agents leads to firing of normally latent pacemakers. A third
| group, multiunit SM's, have a lower membrane resistance (r,), do not produce
AP's, are stimulated by dense innervation and are thought to lack low resistance
intercellular gap junctions and nexuses (Prosser et . gl_., 1960; Su et . al ., 1964).
Until very recently, the function and regulation of tracheal smooth muscle
(TSM) or "trachealis" have been poorly understood in spite of considerable early
work (Miller, 1947; Widdicombe, 1963, 1966). In the cervical trachea this
muscle only spans the dorsal space formed by the incomplete cartilaginous rings
of a relatively non-compliant tube. Rather than being just part of a passive
conduit , however, the trachealis is quite active and responsive (Widdicombe,
1966; Olsen et . al ., 1967; Stephens et.al., 1968). Neural input consists of
numerous vagal (cholinergic) neurones (Loofbourrow et . al ., 1957; Widdicombe,

1966) and sympathetic dilator nerves (Miller, 1947). Stephens and Kroeger have
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shown recently (1970) that canine TSM is a tonic muscle activated almost exclusive-
ly by cholinergic neural elements in résponse to electrical stimulation in noirm.ql
solution. A tonic contraction is also elicited by agents and conditions such as
ACh, potassium chloride (KC1), barium (chz-}), (Stephens et . al ., 1974), serotonin
(Daly and Hebb, 1966) and histamine (Hawkins and Paton, 1958) while epinephrine
and isoproferenol relax (Nissel, 1950; Hawkins and Paton, 1958). Though norepine-
phrine and high K had been reported (Biamino and Kruckenberg, 1969; Keatinge,
1966) to convert "intermediate" (Burnstock and Prosser, 1960 b) arterial SM into
functionally single unit preparations, neither these nor any of the aforementioned
agents could facilitate the production of phasic activity or a MR to stretch in trachealis
(Stephens et . al ., 1974). Such characteristics are clearly consistent with those of
multiunit muscles and would seem to indicate a predominant neural control of airway
calibre. TSM does, however, possess a capability for supercontraction whereby this
muscle can contract down to 10 to 15% of its optimal length (Stephens et.al., 1969).
This is unusual even for SM (Csapo and Goodall, 1954) and suggests that the muscle
is capable of intimate control of airway calibre. This postulate is strengthened by
the findfng that TSM is able to prevent airway collapse due to sudden, high transmural
pressures (which may reach 300 mm Hg - Ross et . al ., 1955) when it is contracted
(Olsen et . al ., 1967; Coburn et . al’., 1972).

Although fonic contractions in response to stimulation by neural elements
~ and bronchoactive agents may be quite vigorous (TSM has a relatively high force
constant - Stephens et . _oll_., 1969), they may not be capable of counteracting
airway closure due to the elevated transmural pressures encountered in pathological
conditions. Several recent findings have indicated that trachealis may possess a
potential for spontaneous activity. Kirkpatrick (1975) has reported that histamine
produces depolarization of bovine trachea with slow oscillations in membrane
potential (Em) which are correlated with rhythmic fluctuations in contractile
acfivify. In the K contracture an initial phasic component is also evident.
Furthermore, phasic activity has been observed in vivo (Loofbourrow et.al., 1957),

and in vitro immediately after removal from the dog (Stephens and Kroeger,

unpublished observations). Akasaka et . al . (1975) have succeeded in recording
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electrical activity from bronchial SM of normal healthy patients and from those
with bronchial asthma. In the healthy patients they observed low amplitude
(25 to 100 V) potentials with widely variable discharge frequency. Both amp-
litude and frequency of AP's were increased during spontaneous and Mecholyl -
induced asthmatic attacks. These changes corresponded properly to the clinical
features of the asthmatic attack, including marked disturbance in breathing
pattern and marked increase in wheezing sound. These authors considered these
bronchial SM spasms to be one of the major etiological factors responsible for
airway narrowing during asthmatic attack. Finally, additional evidence for
the possibility that spontaniety might occur in trachealis was provided by
pharmacological studies on a different preparation. Mekata (1971) showed that
membrane depolarization and spontaneous phasic electrical and mechanical
| activity is Aproduced in rabbit carotid artery, an "intermediate” SM, by tetraethyl-
tammonium (TEA). These findings were tested and confirmed for trachealis
(Kroeger and Moorhouse, 1973), This drug caused a depolarization of the meﬁbrdne
and an increase in rp,, elicited trains of small, decrementally conducted AP's
and facilitated a MR to stret ch (Stephens et , _oll__., 1974; Kroeger and Stephens,
1975). These effects were attributed to a reduction in Pk by TEA (Stanfield,
1970; Ito et . al ., 1970), which functionally converts TSM into o single unit
preparation. As a result, it was considered that TEA might provide us with an
excellent model for studying the changes in biophysical properties which might

occur in vivo.

1. Definition of the Problem‘

In studying the way in which TEA affects TSM physiology, investigations
should be conducted in terms of the muscle's function and the mechanism by which
the control of that function is normally effected. The function of muscle is 1) to
stiffen and bear weight and 2) to shorten and move a load through a distance,
and relative parameters for TSM in these terms have been measured (Stephens et .
al ., 1969; Stephens et.al., 1974). Since TEA increases 'ms Produces AP's and
facilitates a Ca - dependent MR to stretch, it effects a change in the control
mechanism probably at the levels of membrane P¢ and the ionic requirements of

T

cinciric
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- electrical activity and E-C coupliné. The present study focuses on the latter.
The dabove changes in membrane phenomena induced by TEA are of special
interest since in most cases (Somlyo and Somlyo, 1968; Hinke, 1965) excitation
of SM cells is mediated by membrane electrical activity which in turn may be
affected by neurotransmitter release or circulating vasoactive agents (Bulbring,

- 1957; Bulbring and Kuriyama, 1963 b; Burnstock et . _g_l_., 1963; Burnstock and
Holman, 1966 b; Marshall, 1962). Also, multiunit SM contains o relatively
large store of sequestered Ca which is resistant to depletion by Ca~free media
(Kroeger and Stephens, 1971) and can be hobilized by drugs for contraction
(Devine et.al., 1973), Consequently, we considered it important to provide
further information regarding the Ca pool (s) utilized for electrical activity and
E~C coupling in the presence of TEA. Specifically, our experiments were

‘designed to demonstrate whether the Ca mobilized by TEA might result from 1) a
non=specific increase in membrane permeability which results in depolarization
and Ca influx in parallel, 2) a specific activation of Ca channels by depolariza-
tion which provides activator Ca for contraction (Brading et.al., 1969) or 3)a

release of trigger Ca which mobilizes sequestered Ca (Imai and Takeda, 1967).

-Since the effects of TEA on TSM had been shown fo be abolished by Ca-deficient -~ = =

solution and a Ca-antagonist (Stephens et. al ., 1974) (D-600, a potent inhibitor
of dynamic depolarization - activated Ca channels, - Kohlhardt et.dl., 1972),
it appears likely that activated Ca currents may play an important role in the
electrophysiological (s a current-carrier) and biophysical (as "activator" or
“trigger" Ca) effects mediated by TEA. Therefore, this study was undertaken in
order to: |

1. Determine the voltage dependence of dynamic Ca channels by effecting
an independent increase in 'm ond measuring resultant changes in AP parameters.

2. Determine the role of Cag in electrical activity and in E-C coupling
by measuring the effect of elevated external Ca and a Ca-antagonist, D-600, on
AP parameters and mechanical responses.

3. Determine the sensitivity of membrane conductance to external Ca

levels by measuring the amplitude of the hyperpolarizing electrotonic potential
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Y

(ETP) (which is directly proporﬁonaljfo ) sfmuh‘cmeously with AP's during
treatment with high Ca and D-600. ,
B.  THE MEMBRANE CONCEPT AND THE IONIC BASIS OF THE MEMBRANE
POTENTIAL |
1. Nerve and Striated Muscle
a) Nernst equation, Bernstein hypothesis and Gibbs -~ Donnan
equilibrium ‘
That the integrity of the cell is maintained by a specialized structural
arrangement on the cell surface was appreciated by the turn of the century due
to observations of osmotic and electrical phenomena. Long before the molecular
structure and composition was deduced (Davson and Danielli, 1943), Overton
{1902 o) had studied the osmotic behaviour of frog striated muscle and Bernstein
had used a ballistic galvanometer to determine the time course of the AP. Though
it was known that the cell interior was negative with reference to the outside (i.e.
that there was a voltage or potential difference across the membrane) and contained
a much higher concentration of K+ ions, it was not known how these phenomena
were accomplished by the cell. In 1902, Bernstein proposed a theory which
applied the physicochemical concepts of Nernst and Ostwald to bicelectric
phenomena. He suggested that the resting cell surface behaved as a membrane
~ which was selectively permeable only to K" ions, which meant that the resting
membrane poteniial (RMP) was defined by the K equilibrium distribution. The relation=
ship of the K equilibrium potential (EK) to the K distribution is best described by
deriving the Nernst equation (Woodbury, 1965).
Electric potential differences, in general, appear at the boundaries
between two electrolyte solutions if there are ions of different mobility or
concentration (properly expressed as acfivity) on either side. In the absence of a
membrane one obtains a small, transient liquid ~ junction potential or diffusion
potential until the concentrations are equalized by diffusion. However, if two
such solutions are separated by a membrane having differential permeabilities to
ions of the same charge (e.g. N and K+), a greater fransient, transmembrane

 diffusion potential will be established until the transmembrane concentration



gradient of each ion species is abolished. The behaviour of ions in such a system
is governed by the following factors: 1) that the transmembrane flux of diffusible
ions will continue until their individual concentrations are equal on both sides of
the membrane if transmembrane electrical potentials do not prevent this; 2) that
the diffusion potential will fransiently impede ion fluxes; 3) that the bathing
fluids do not accumulate any net charge (i.e. retain bulk neutrality); and 4) that
the rate of flux of any ion is limited by the permeability of the membrane to that
ion.

In the case of Bernstein's theory, which states that the membrane is
permeable only to K+ ions, the K concentration gradient is maintained by the
presence of large, intracellular organic anions (A_)‘fo which the membrane is
impermeable. The electrical neutrality of the two (intra - and extrace!iular)
solutions is thus established even though the K+ ions are out of equilibrium with
reference to concentration. As a result, opposite charges build up in the vicinity
of the membrane creating a transmembrane potential.

The relationship between potential and fon gradient can be quantified in |

terms of 1) an equilibrium distribution of a given substance (in which no work

. Is needed. to transfer a small amount of that substance-across the membrane), 2)- v 2 e o

transmembrane potential capable of equalizing fluxes regardless of concentration
gradients or membrane permecbilities, and 3) electrochemical laws. The amount
of work necessary to move a given number of ions (e.g. 1 mole) across a membrane
consists of the sum of the work necessary to overcome concentration differences
(Wc‘) and electric forces (We).A In a system, their effect will be additive (i.e.
total work, the electrochemical potential difference  y= w_+ We) and each
can be considered separately by keeping the other factor constant.

Using the K ion as an example, the chemical potential difference (Wc)
is proportional to the difference between the logarithms of the internal and
external K concentrations. The universal gas constant, R, and absolute temp-
erature, T, apply in changing the proportionality to an equation. Thus, for one

mole of ions,
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w_=RT (log, [k*]. ~1og [K*] )
=RT log_ ("] i

The electrical potential energy difference (We) of one mole of ions is
equal to the product of the transmembrane voltage, Em" the Faraday, F and the
valence, z, of the ion involved, so that

We = ZK FEm .
As a result, the electrochemical potential difference ( A p) of that ion

is expressed as:

= = = l+
p Wc We RTioge [r( Ji*l-zKFEm

W

Ionic equilibrium obtains when Ay, and therefore, net flux, is zero. At this

point Em will equal the equilibrium potential (Ex) for a given fon (e.g. Ey) (the
potential which reduces net transmembrane flux to zero). This potential can be
calculated by setting ap to zero, substituting E K‘For"Em"and‘soIving for By,
yielding the Nernst equation:
. _ h )
E, =RT log_ [K ]0 ’

=F[K]

= RT loge[Kji =(1.99) (310) - 2.3 log |:l<+:]i |

——— et

] ‘ F [Kﬁ 23,050 KT,

o)
- =-,061 |og]0 [Kl volts (V) (at 37°C)

+
= =61 log, [K]i mV

g I3

Thus, Bernstein believed that the RMP behaved as a K+ electrode whose

potential (EK) is related to the transmembrane K ion concentration gradient in the



above manner. Na' and C1” fons were not thought to play any role in this regard.
The theory was attractive in that it provided an efficient mechanism for the main-
tenance of the ionic concentration gradients by the resting cell, since movement

of K alone down its concentration gradient would create an opposing electrostatic
force. Therefore, the exisfeﬁce, the electrical sign and the approximate magnitude
‘of the RMP seemed to be accounted for. Membrane potentials were recorded which
were 10 fo 15 mV less negative than the equilibrium potential calculated in the

above manner from known values for intra- and extracellular K concentrations.

Such deviations, however, were expected, considering the unsophisticated
experimental apparatus in use at that time, and were attributed to bexperimenf‘al

error (i.e. liquid junction potentials). Aifhough the theory was modified in the
1940's to include permeability to other ions, the close'dependence of the RMP on~ -~
the K distribution was later demonstrated by Adrian (1956) who plotted RMP and

E'< as functions of log [K] and by Hodgkin and Keynes (]955 b) who showed that

the RMP reflected the [K] even more closely during the recently documented penod of
increased K conductance (g K) which followed the AP,

.The first alteration to the notion of exclusive K permedbility was put forward

~ ~'~b\ Boyle and Conway (1941), who showed that the frog sartorius muscle fiber alsg s rret <o

possesses a significant Cl~ ion permeability (PCI)’ since increments m[K-Ijo resulted
in a substantial influx of CI . In addition, no appreciable change in cell volume
wasobserved when external KCI was progressively increased f'o 210 m eq./l.
Consequently, these authors exfendéd the Bernstein hypothesis by proposing that
the RMP, and the distribution of K+, Cl™ and HZO’ could be accounted for by

the conditions required for a Gibbs - Donnan equilibrium, whereby the membrane is
impermeable to large, in‘rracellular organic anions and to extracellular sodium ions

(No+). This meant that K and Cl~ would distribute themselves according to Kj-

G

[Cl] , such that E =-RT In [K7 =«RT In [Cl] , and E versus log

[l CF [k P e,
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[K] would have a slope equal to 61 mV per tenfold change in [K] .

The assumption of a Nq+ - impermeable membrane had to be abcndoned
however, after publication of data from radioactive tracer studies (Levi and Ussing,
1948; Harris and Burn, 1949; Keynes, 1954) on frog skeletal muscle These and
later radioisotope experiments have shown that both Na+ and K are in a steady-
state of flux across the membrane and that the net passive fluxes are almost of the
same magnitude (Hodgkin and Horowicz, 1959; Keynes and Swdn, 1959). The
Gibbs - Donnan distribution has also becomeA untenable because, in the absence of
jon pumping, the presence of large, impermeant, lnfracellular organic anions
would present the cell wx‘rh an osmotic mbalance such ’rha’r K Cl”~ and waterwould
flow down their gradients . : This flux. would continue unhl the cell
burst, unless prevented by an outward - directed wafer pump or a rigid cell
membrane o maintain cell volume; in view of the fluid chemical nature of ‘rhe
plasma membrane, the latter possibility is highly unlikely.

b)  Constant - Field theory

A new explanation had to be derived which could account for the additional

influence of P, and the strong inward electrochemical potential gradient for Na '

Na ‘
on the RMP. The ratios of the K and Cl concentrations in muscle agreed satisfact-

orily only for [K] > 10 mM, below which E deviated somewhat from E. (l e.
slope of E vs. log [KJ < 61 mV per tenfold change in [K] Yo A suxfable set
of equcmons and assumptions that are still in use today were derived by Goldmcn
(1943) and modified by Hodgkin and Kc:fz (1949). . |
Goldman studied the mechanisms (i.e. conductance changes) underlying net ‘_
ion movements due to diffusion and electrical forces, using artificial proteinv-lipid
membranes. From these studies he derived the constant-field theory which aSsumes
that 1) the ions move under the influence of diffusioﬁ and the electric field as they
would if in free solution, 2) the electric field is constant throughout the memBrane,
" 3) the concentrations of ions at the edges of the membrane are directly proportional
to those in the intra- and extracellular solutions and 4) the membrane is homo-
Ageneous.Thi-s theory. led to the following equation for the K current (IK) as a funcfion

of Em and K distribution:
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L =P FE [K*] [Kﬂi'exp(-FEm),
-

1 -exp ('— FE ) |
| G ®

" where Pe = 1By (RT ) and . = fonic mobility in the membrane, B, = partition
af

RT

Goefficient between the aqueous solution and membrane phase, and a = membrane

thickness. The factor FE/R'T represents the effect of the electric

1 ( FE )
RT

field in lowering or raising the chances of passage of individual ions (Katz, 1966).

2

Though the constant - field equations have proved to be very useful in the
development  of the theory of excitable membranes (Hodgkin and HUxfey, 1952 b;
Hodgkin, 1951, 1958), they do present some difficulty. Current available infor-
mation predicts that the membrane is far from being a homogenous structure: the .
pro’rei‘ns appear fo be fixed fo and imbedded to varying degrees in the lipid bilayer
(Fox, 1972). With such variation obviating a very non-homogenous fixed - chdrge
distribution, and the fact that estimates of the membrane thickness still conflict,
it is doubtful that the electric field is constant throughout the membrane.

The modification that Hodgkin and Katz (1949) made was to solve for Em in -
* terms of the ion permeabilities and concentrations. If there is no ionic current -
flowing across the membrane, the net movement of K, Na and Cl ions must be
such that there is no net charge movement, sol_+1  +1_ =0, Under these

K "Na ClI
conditions the membrane pofential is given by

E, =RT In ¢ [K] +p [Na] +p[ct].

Fooop [k o+, [Na] +pgy [er] (3)

in which PK’ PNqand PC| are permeability coefficients (usually expressed in units

-6 . . . .
of 10 = cm/sec). These investigators calculated the ratio of PK : PNG PCI for

the squid axon at rest by a process of trial and error: they chose values for the
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internal concentrations of K, Na and Cl (Steinbach, 1941; Steinbach and Spiegel-
man, 1943) that ylelded the best agreement with the changes in E obtained on
.exposure to K - free, K - rich,low Na and C! and high Na and CI solutions.
Under resting conditions, this ratio was 1:0.04 ; 0.45, _
This valuable equation (3) was simplified (Hodgkin and Kafz, 1949; Hodgkin,

1958) in order to calculate the ratio P . TheCl terms can be eliminated by

Na
; i _PK

assuming that Cl~ ions are in equilibrium with the RMP (Conway, 1957; Hodgkin,
]958) or that [C!] is negligible in Cl - free solution (Hodgkin and Horowicz,
1959 b; Mullins dnd Noda, 1963), yielding

E,=RTIn [K] +b [Na]

Fo[k]+b [Na] | @

where b =P . Thus, whenb =0;, Em = EK’ and when b is very large it defines ™

Na

Pk

ENa° According to the Goldman hypothesis then, EK and EN are limiting values,

and intermediate values of b correspond to intermediate membrane potentials. -Values: -~ =+

of b for nerve and skeletal muscle have been calculated as about 0.01 (Hodgkin,
1958; Hodgkin and Horowicz, 1959 a). Hodgkin and Katz (1949) then calculated
the permeability coefficients in two ways: 1) by dividing the flux value by the

product of the greater concentration and the "eleciric field factor" EF/RT

1= exp (- EF/pq)

such that
FK =efflux 2.0x 10-6 cm/sec
(K], x EFF )
o -8 ‘
PNa influx 2.0 X 10 ~ cm/sec
[Na] X EFF

and 2) from the ratio b and the cell membrane resistance (rm) (to which PNa makes
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a negligible con’rribm;ion), from which they calculated PK =1.8x 10-6 cm/se.c.
Hodgkin and Horowicz (1959 b) found a similar value for PK in frog skeletal
muscle. Insummary, then, the ionic currents are dependent only on the
electrochemical potential gradients and the ease with which the ions may cross
the cell membrane (Ho dgkin, 1951, 1958). The nerve and muscle cell membrane
is much more (about 75 times) permeablé to K than to Na, and it is this property
which is the major determinant of Em.
. ¢) 7. Sodium pump
As stated earlier, any deviation of the recorded RMP from the calculated

ion equilibrium potentials signifies a disequilibrium which must be maintained by
an active ion transport mechanism. The deviation is accounted for by the small
but significant permeabiiify fo external Na ' ions, which means that Na would be
constantly moving into the cell under the influence of the high driving force of
its elec’rrochemical gradient (Em - ENaz - 90 - 60 = - 150 mV). This, along
with the passive K loss due to the membrane’s relatively high P, would eventually
abolish the Na and K concentration grad.ien’rs, and conseciv.uenﬂ.y, Em. It is
evident that there must be a mechanism to maintain the observed high [K]i and
low [Na] e Three types of Na pumps, or alternatively, one pump working in - -
different ways under different conditions, have been proposed: 1) an electrogenic
Na pump which extrudes Na ions as fast as they diffuse info the cytoplasm (i.e. net
Na flux = 0), with K and Cl ions distributing themselves asymmetrically as in a
Donnan equilibrium; 2) an electroneutral Na - K exchange pump which moves
one K inward for every Na expelled; and 3) an electrogenic Na - K pump
which transfers more Na than K, thus producing a net transfer of outward charge |
which contributes to the RMP. |

' Ussing (1949) proposed the first type of pump to account for the uneven
distribution of K, which would be drawn into the cell due to the high internal
négcﬁvﬁy maintained by the Na pump. If this was the case however, Em would

equal E, which, of course, does not occur. The constant - field theory, however,

K

agrees fairly well with observed values of Em and can be derived assuming the

presence of an electroneutral, 1 : 1 pump (Hodgkin, 1958). Originally proposed

P NN
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by Dean (1941), Hodgkin and Keyne% (1955 a) provided evidence for this type of
cc;upling in squid axon along with the characteristics and requirements of pumps

in general. Since it had been elegantly demonstrated 1) that Na and K ions
moved passively down their electrochemical potential gradients at rest, and during

excitation in response to increases in permeability (rodgkin and Huxley, 1952 a,b),

~and 2) that membrane permeability was intimately related to Em (Goldman, 1943;‘

Cole and Curtis, 1941; Hodgkin and Huxley, 1952 b), changes in pump activity
should haye no effect on RMP or spike activity and, conversely, alterations in Em
should not affect ion pumping. Furthermore, movement of ions "uphill" against
their electrochemical potential gradients must require metabolic energy. Thus,

it was shown that both Na efflux and K influx 1) were inhibited by metabolic

inhibitors and cooling, 2) were unaltered by membrane hyperpolarization ond

‘3) had little effect, when inhibited, on Em and AP's. They also observed that

changes in Na extrusion were very similar to the changes in K uptake due to.

~ alterations in energy supply and external Na and K levels. As a result, they

proposed a tightly-coupled, 1: 1 exchange pump, but cautioned that the tech-
niques employed might not detect small electrogenic effects. Also, the coupling
ratio might not be strictly 1 : 1 since K - free solution inhibited Na extrusion to a - '
lesser extent than inhibition of energy production. A small K accumulation out-
side the membrane, though, might be sufficient to maintain a tight coupling ratio
even in K - free solution.

Coupling of K influx fo the Na extrusion has been demonstrated many times,
but the majority of evidence supports the notion of an electrogenic pump.
Lundberg and Oscarson (1952) showed that the postanoxic overshoot of the demarcation
potential of cat spinal roots was 10 mV higher than that in normoxic medium and
did not occur in Na - free solution. Ritchie and Straub (1957) atiributed the
postietanic hyperpolarization (PTHP) of nonmedullated mammalian C fibers to the
Na pump. Although they believed the PTHP to be caused by the pump's increased
K+ uptake leading to a local reduction in external K+, Adrian and Slayman (1966)
later demonstrated an additional, reversible hyperpolarization in frog skeletal

muscle when Ko was replaced with rubidium. It was further shown that the PTHP
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produced by the electrogenic Na pun%p in nerve is dependenf upon the presence
of K+o and No+i, can be reduced by the short-circuiting effect of internal I
ions and by metabolic inhibitors, and is enhanced by conditioning hyperpolariza-
tion that shows no reversal potential (Rang and Ritchie, 1968; Nakajima and
_Takahashi, 1966). It must be noted that any treatment which inhibits the Na
pump will lead to a loss oF»Ki, which will decrease Eycand E depending on
passive K movement (Thomas, 1972). Though results from such interventions can
also be interpreted as being due to an augmentation of an electrically neutral
pump, a rapid change in pump activity and Em is supportive evidence for an
electrogenic contribution. |

The most convincing evidence is the immediate membrane hyperpolarization
‘produced by intracellular injection of Na info nerve fibers (.Coombs et . 9_‘_., 1955;
Hodgkin and Keynes, 1956) and by warming of nerve and skeletal muscle (Adrian
and Slayman, 1966; Senft, 1967). This subiect has been extensively examined
and reviewed (Koketsu, 1971; Thomas, 1972), and there is a good deal of
evidence to suggest that the Na pump in nerve and skeletal muscle might be
electrogenic, thus contributing only a few mV to the RMP, probably through a 3
Na : 2 K coupling ratio (Mullins and Brinley, 1969).

d)  Adsorption theory

The foregoing evidence in support of the presence of a highly - organized,
semipermeable membrane has met with some opposition, however. The mciori’ry
of investigators subscribe to the membrane theory, but a small group believes 1)
that the functions ascribed to the membrane are subserved by the cytoplasm, 2) that
the greater part of the internal negative charges are provided by the polyelectrolyte
proteins, 3) that K™ ions possess selective affinity and are chemically bound to
fh.e'profeins, and 4) that the internal water behaves in a physically anomolous
fashion and is called "structured water" (Ling, 1962; Ling and Walton, 1975;
Troshin, 1966). According to this theory, osmotic equilibration to different solute
concentrations should be attributed to the swelling and shrinking of the polyelectro-
lyte gel rather than to the presence of a semipermeable membrane. Conway (1950)

~ however, supports the view that the structurdl proteins with their fixed electric
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charges and associated counterions 'hake only a small contribution to the osmotic

‘balance. He calculated that the negative charges in muscle are largely supplied
by organic phosphates and amino acids and only about 10% are fixed to structural
proteins.

There is considerable evidence at variance with this theory, showing that
the cell surface possesses a low ion permeability (high resistance) which can be
altered by ionic interventions, electric fields and drugs, and that the inner
cytoplasm is very conductive (which the adsorption theory deniés) . The axoplasm
of squid giant axons can be squeezed out and replaced by artificial solutions or a
glass capillary with little harm to conduction, while local injury to the surface
results in reversible loss of Em and impulse conduction (Baker et.al., 1962).
Electrical measurements of cable properties (Cole and Hodgkin, 1939; Cole and -

‘, Baker, 1941; Hodgkin and Rushton, 1946; Katz, 1948; Falk and Fatt, 1964) have
shown that the cytoplasm behaves as a good elecf‘rolyfe conductor (low resistance)
which is separated from the medium by a high resistance, high capacitance surface
layer. -Finally, ‘the half time for entry of labelled K" fons into 200 y diameter
axons was approximately 10 hours while values for intracellular selfdiffusion and
fonic mobility were only slightly less than corresponding values in sea water
(Hodgkin and Keynes, 1953). '

2.  Smooth Muscle

a)  Membrane potential and permeability
" There is reasonable agreement that the general ionic distribution and per=
meability properties of SM resemble those of other excitable cells. Interpretation -
of data from studies on ionic distribution and ion fluxes, though, reveal a system
that is quantitatively more complex and obscure.

The early work of Meigs (1912), repeating Overton's studies on osmotic
behaviour, led him to state that the SM cell did not behave as if bounded by a
semipermeable membrane but that the skeletal muscle cell did. Bozler (1959, 1962)
also concluded that the cell cytoplasm was more important than the membrane in
determining the distribution of water and electrolytes in SM. Electrophysiological

studies, on the other hand, have shown that the taenia coli and vas deferens of the
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guinea pig (Tomita, 1966a; Abe cnd‘Tomi’ra, 1968), the rat myomé’rrium (Abe,
1971) and dog trachealis (Kroeger and Stephens, 1974) exhibit cable properties
similar to those described by Hodgkin and Rushton (1946). This is very strong
evidence in support of the membrane theory.

An interesting feature of the SM cell RMP, which is difficuit to measure

‘because of the very small cell diameter, is its relatively low value and stability
compared fo that of narve, striated muscle and cardiac muscle (BUl bring, 1962;
Marshall, 1962). Average values for RMP's range from = 40 mV for rabbit bladder
(Ursillo, 1961) to - 64 mV for progesterone - dominated rat myometrium (Marshall,
‘]959). Estimates for EK range from = 75 mV for rat and guinea pig myometrium
(Casteels and Kuriyama, 1966; Inomata, and Kao, 1976) to ~ 90 to = 95 mV for
‘taenia coli (Casteels and Kuriyama, 1966; Bul bring ei al ., 1968; Vassort, 1975).
Present evidence suggests that the RMP is mainly determined by the K distribution
and that the RMP and ion distribution can be accounted for by the constant -
field theery. The membrane po’ren’riul,'howev‘er, deviates much more markedly
from the K equilibrium distribution described by the Boyle-Conway theory (Gibbs -
Donnan distribution) than it does in other excitable tissues. Thus, the slope of the
line relating Em to log [K] is non-linear for taenia coli and has a maximum slopé
of 35 = 38 mV per tenfold change in [K] for concentrations above 29,5 mM K
(Holman, 1958; Kuriyama, 1963 q; Cas’reels and Kuriyoma, 1966). Below this
concentration the slope is only 26 = 30 mV per tenfold change (Burnstock and
Straub, 1958). Substantial evidence is available that the Na and Cl distributions
play a much greater role in determining Em in SM's, as discussed below.

Casteels (1969 a, 1970) has calculated the permeadbility coefficients for
taenia coli from measurements of intracellular ion concentrations (Casteels and
Kuriyama, 1965, 1966), flux values (Goodford and Hermansen 1961; Durbin and
Monson, 1961) and RMP using the constant-field assumptions. It was also assumed
that the passive fluxes were due only to their own electrochemical forces and that
all ion fluxes were independent of each other (Hodgkin and Huxley, 1952 a).

Multiplying the electric field Factor( EF/RT ‘ at Em = - 55 mV by the

\ 1 ~-exp (— EF/RT)
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internal ion concentration and dividing into the flux value, he obtained PK =
8.3 x 10_8 cm/sec, PNa =1.6x 10-8 cm/sec and PCI = 5,45 x 10_8 cm/sec.

Compared to values obtained for frog skeletal muscle fibers (Hodgkin and Horowicz,

1959 b), PK and PCI are much smaller while PNa is quite similar, resulting in a
much greater PNo ratio in SM. For the taenia coli, calculated ratios have
PK

included 0.23 (Schatzmann, 1964a), 0.19 (Casteels, 1970) and 0.16 (Inomata
and Kao, 1976). Thus, although K+ ions are the main factor defermining Em

| (Casteels and Kuriyama, 1966), PNa is relatively high in SM, asevidenced by
1) the low PK (see above), 2) the effect of Na in producing nonlinearity in the
relation between E and log K for K up to 30 mM (Kuriyama, 1963a), and
3) the high rafe of exchonge of radloachve 24Na (f]/2 T minute,” Goodford
and Hermdnsen, 1961; Durbin and Monson, 1961). With respect to the last
observation, the exiremely high Na efflux rates can not be reconciled with the

_ Cénfribufion of active processes, as SM does.nof contain sufficient energy stores
to support all this movement (Brading, 1976). Consequently, an energy - sparing
Na - Na exchange mechanism has been postulated (Brading, 1976). The observa-
tions and calculations discussed above are consistent wx’rh the relatively low RMP
and high membrane resistance (Tomita, 1966b Abe and Tomita, 1968).

- b)  Chloride distribution
This is a very interesting aspect to ion distribution in SM cells. As mentioned

before, the RMP is 25 to 35 less negative than E

K and the maximum slope of the
relation between E_ and fog [K]o is only 38 mV per tenfold change in [KJO
(Kuriyama, 1963 «; Casteels and Kuriyama, 1966). A RMP governed by a

membrane permeable only to K and Cl, and by a passive Gibbs - Donnan distribution,
would follow the equilibrium potential for K as specified by the Nernst equation.
Therefore, there clearly exists, in SM, a disequilibrium, since the Nernst pred‘icts '

a slope for Em vs. log [K]o of 61 mV per tenfold change in [KJO. As already
pointed out above, this may partially be attributed to the influence of Na with

its high electrochemical gradient. Recent work has shown that Cl plays a major
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role in determining the low RMP.
According to Casteels (1970) and Casteels and Kuriyama (1966), E
25 to 35 mV less negative than the RMP of the taenia coli of the guinea - pig.
The major reason for this, of course, would be the presence of an inward - direcfed

Cl pump which increased [Cl™ |., thereby decreasing E - 61 log Cl
i 4 ci| "¢t~

and consequently, the RMP toward zero potential (Casteels, 1965; Kao, 1967).
Supporting this notion is the high [Cl]i,(Kao and Nishiyama, 1964), which does
not have to be explained by compartmentalization or binding, since the major
component of Cl efflux behaves s a single fraction (Durbin and Monson, 1961;

Casteels, 1965, 1970). Droogmans and Casteels (1976) have calculated that Cl -

" pumping in taenia coli contributes approximately 15 mV to the RMP, since in Cl -

free solution the electrogenic Na pump contributed only 6 mV. The increase in Cl-

“efflux observed after exposure to ouabain or high - K solution indicated that Cl ...

uptake may be coupled to the Na - K pump (Casteels, 1971).

The second Facforlleading to a more positive Em is the relatively high PCI'
this is suggested by the rapid Cl efflux (Barr, 1959; Durbin and Monson, 1961) and
the effects of replacing external Cl with less permeant anions. Substitution with
sulphate, ethane sulphonate or isethionate results in 1) a transient depolarization
(Holman, 1958), 2) a reduction in the difference between the slopes of Em and
EKvs log Ko (Kuriyama, 1963 q; Burnstock and Straub, 1958), 3) a 50% increase
in i'm (Ohashi, 1970) 4) a decrease in K efflux (Casteels and Meuwissen, 1968),
and 5) suppression of the secondary depolarization of the control potentials (slow
waves) of rabbit jejunal SM (El Sharkawy and.Daniel, 1975). The effect of Cl -
substitution on E is fime-dependent. During the initial period for anion

substitution, E becomes more positive due to decreased extracellular CI

Cl
( cl ™~ 61 log [Cl] ) . At the same time, active Cl uptake is reduced due

feil;

to lack of substrate, so intracellular Cl leaks out under the influence of its new

electrochemical gradient. Consequently, ECl becomes progressively more negative
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(thus hyperpolarizing Em) and becomés established of a new value determined by

the nature of the replacement anion. becomes more negative with a more

permeant anion (eg. nitrate) than with qc:ess permeant anion; in the latter case
the final RMP is more positive than it was in Cl solution (Holman, 1958; Kuriyama,
1963 a). The overall effect, therefore, of replacing Cl with a less permeant anion
is a decrease in Cl fluxes, resulting in membrane depolarization and an increase
in o
¢)  Sodium pump

From the values calculated above, the RMP for taenia coli calculated from
the modified Goldman equation (#3 - Hodgkin and Katz, 1949) equals - 35 mV
(Casteels, 1970) while the measured value is = 50 to = 55 mV. This discrepancy
‘may indicate 1) that the assumption of independent fon movement is invalid or
2) fhaf the difference is maintained by an electrogenic Na pump. It is possible
that K ions move in a single file along a chain of sites (Hodgkin and Keynes,
1955 b), so the cclculm‘ed gK,,WOUld be n times lower than the real gK -
=nP FE K" 1 '

9k K

R2T? 1 -exp (- EF/RT) o)

There is - considerable evidence, however, to suggest the existence in SM
of an electrogenic Na pump. Oudbain and metabolic inhibitors cause a rapid
depolarization of rat uterine SM and taenia coli (Daniel et . al., 1962; Casteels,
1966) which is abolished after removal of oucbain and reversed to 10 mV higher
than control. Removal of external K caused about a 5 to 10 mV depolarization
of taenia coli which was unaffected by tetrodotoxin, atropine or low Cl solution,
but after ouabain or cooling the removal of K caused a hyperpolarization (Tomita
and Yamamoto, 1971; Casteels ef . 9_!_., 1971 a). Kuriyama and co~workers (1971)
found that oudbain, Na - free solution or cold reduced Em of guinea - pig portal
vein by 20 to 26 mV and estimated that the normal electrogenic - Na pump
contribution to Em was 10 to 20 mV. Several workers have shown a correlation
between the slow electrical waves of intestinal SM and oscillatory activity of an
electrogenic Na pump (Daniel, 1965; Job, 1969; Liv et . al ., 1969), though the

aapad ge
QU
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contribution is shared with changes in ING and 9 (El Shcrkcxwy and Daniel,
]975) Relaxation of rat myometrium by adrenergic beta receptor agonists has
been correlated with an increase in Em (Marshall, 1967) and attributed to
stimulation of an electrogenic Na pump (Somlyo et. al., 1970). However, ouabain
‘and lithium chloride do not antagonize the isoprotereno! = induced relaxation
(Bose and Innes, 1972) and Na - free solution does not alter the hyperpolarization
(Marshall, 1968). The KCI - induced relaxation of Na - enriched cat carotid
artery (Bose and Innes, 1972) and rabbit main pulmonqry arfery (Somlyo et , al,
1970) is consistent with stimulation of an electrogenic Na pump. There appears
to be a component of the RMP attributable to the Na pump in rat myometrium
but the contribution to E is unknown (Taylor et . dl , 1969, 1970). In summary,
therefore, there is suppor‘hve evidence that a component of the RMP of SM's is
cﬁrlbutab!e to an electrogenic Na - K pump it has been’ conc!uded that the
taenia coli pumps Na and K af a ratic of 3 : 2 (Brading, 1973; Casteels et.dl.,
-1973) and contributes 15 to 20 mV to the RMP (Ccsfeels et.al., 1971; 1973).
C. EXCITATION AND CONDUCTION '
1.  Cable Properties
a)  Cable constants 4
As was previously stated, nerve and muscle fibers are ¢ylindrical conductors’ =7
surrounded by surface membranes which insulate them from the external electrolyte
solution. These fibers consequently possess properties analogous to those of an
electrical coaxial cable. In affempting to relate the structure and function of
these excitable (and non - excitable) preparations to this moael, it is"essential to
~derive a simple equivalent circuit. From this one may predict how changes in
different cable parameters may effect current spread and how these parameters
- may be calculated from measurement of downsfream transmembrane voltage
changes.
A simple electrical model or equivalent circuit (Figure 1a) was proposed by
Cole (1937) and Hodgkin (1938) to explain the subthreshold voltage responses of a unit
length of squid axon to brief square wave pulses of inward and outward

- current. The gradual decay of the extracellularly - recorded potential change
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Figure 1. Panel a - Simple equivalent circuit model of unit nerve membrane;
membrane resistance and capacitance, respectively. Panel b = Time
course of membrane current flow through equivalent circuit; ionic

~current and capacitive current after onset of square - wave pulse.
Panel ¢ - Time course of ETP produced by membrane current flow;
determination of membrane time constant ( T’m) .
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sndicates that the membrane behaves electrically like a series resistance (rm)
with a capacitance (C ) in pcra”el The membrane resistance is a measure of its
permeoblll’ry fo ions and is the inverse of the membrane conductance, g . The

membrane capacitance is correlofed with the large membrane surface area, the

extremely small (70 - 100 A) thickness of the membrane and the high dielectric

constant of the insulating lipid-protein material . Functionally therefore, the

membrane separates charge across a very small distance but the small ion permea-
bility allows a small loss of charge, so the net effect is that of a  high "leak™
resistance in parallel with a capacitance. The capacitive component implies that
the electrical energy supplied to the membrane (by ion gradients or stimulating
current) can be stored in an electrostatic field. _

Figure 1 also shows the hme course of membrane current (i ; and the resultant
transmembrane voltage change (V), or electrotonic potential (ETP) Inward (anodal)
stimulating current initially flows into 'rhe'capacifqnce at a very high rate (capa-
citive current, ) causing it to be charged. As charges of opposite 519n build up
on the "plates” of the capacitor, the voltage across the plates increases, progressive-

ly opposing further capacitive: current but increasing ionic current according to

" Ohm's Law. The net result of the current flow in this circuit is the exponen’riully— e

rising ETP. The temporal decay of the ETP when the stimulus is turned off is a
mirror image of the rise and represents the discharging of the capacitance.

It can be seen from the preceding considerations that the total amount of
current passing through the membrane at any instant is the algebraic sum of the

jonic and capacitive current, given by

=i+
m i <
If the values of r and c, are independent of voltage and time,
ii =V_ and ic =c av_
r dt
m
and therefore, _
i =V +c_dV
T 8
m (2)

Thus, the value of r can be found from the relation between the steady state
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amplitude of the ETP (Vf . ) in mV and the current intensity (m cmp/cmz) .
The. value of ¢, can be determined from the time course of V, which rises exponen-

tially to 63%{1“—l_) of Vo sinatime ™ T "after the current has been turned
S .

on ( and falls to 1 =37% of Vf oo  Intime T after the current has been turned
e : ‘

off). Thus the time course is determined by the value of Tm' the membrane time

constant which is defined by

T ™ m | - 3)

m m m

and is the time taken for the change in total charge on the membrane to reach 1
: e

of completion (Aidley, 1971). The values of r and < for a unit Iéngfh of mem-
- brane can be converted to values per unit area of membrane, the specific Rm and
Cm by the equations ‘

fn =27 on “m ~ °m

27T «

where a = cell radius. The voltage at the stimulating electrode at a time t is given
by

\ L=V e -f/r

= m for dischargi
X = o, x=0,t=0 m for discharging

=V 1-e 44’ m for charging (4)

X =0, t=w

On the basis of the above we can now predict how changes in the magnitudes
of r and c would affect the ETP. A higher € would increase the time ( Tm =
- cm) for the same current to charge it to a given voltage, though the final voltage
across it would be the same since more charge is accumulated (E = q ) . A

c
- m

high- - would result in a greater IR drop across itself, i.e. an ETP of greater steady
~state (Vi_ = 00 ) magnitude. Since the time course of the ETP is determined by the
produ.cf of r and c s the time course would also be increased (i.e. decreased rate

of rise, dV ) with a higher r . Therefore, alterations in membrane ion permeability

dt

will have profound effects on the time course and amplitude of "passive™ potential

r
m
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changes, but to predict the spatial decay of the ETP one must account for the
effect of the intra - and ex’rrcce”ullar electrolyte solutions.

| The model given above is somewhat oversimplified in that it does not account
for the electrical resistances of the internal and external fluids, cell geometry or
distance. If the cell has a uniform diameter that is very small compared with its
length, the values of - and ¢, can be determined from a consideration of the
linear cable-like or "core-conductor” properties of the cell. Figure 2 a shows
the equivalent circuit of the nerve axon as a coaxial cable which was proposed by
Hodgkin and Rushton (1946) to account for "electrotonus” or electrotonic spread of
potential changes (provided r and ¢ are independent of voltage and time). All
parameters in the circuit are referred to unit length of membrane, and r, can be
neglected if the cell is placed in a large volume of physiolegical saline.

If a current is passed info an axon at some point;, the current will tend to flow
along the axis of the conductor through r; (i.e. path of least resisfcnce). Since the
membrane has a finite permeability to ions; it behaves as a current shunt to the
extericer. Thus r. and - have « voh‘agé divider effect and forward (longitudinal)
current spread (and hence, the ETP) will depend on the relative magnitudes of r
and P This qualitative relationship can be quantified. The current flowing in an
axial direction along the inner conductor (ii) ai a distance x from the current

source is given by

i; =-1 v
. dx (5)

Taking the second derivative,

g =1 dv

& i &P | | O
For all regions of the axon except those close to the stimulating electrode,

i =di '

dx

Therefore, the second derivative of the change in V is proportional to the membrane

" current (Katz, 1966):

N

m

] -
- §O.
Sk

[o
X

(7)
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Figure 2.  Panel a - Equivalent circuit of a length of core - conductor (e.g.
: nerve axon); membrane resistance and capacitance, external fluid
resistance and internal fluid resistance given for unit lengths. Panel b -

Spatial decay of the steady - state ETP (vx,f oo )
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Since ,
i =1 +i '
C
=V +C dV
[r——, m s
r T
m
_then
V +C dv=1 d&
N
"m i dx. (8)
and

(9)

P 2 T (10)
Thus, the space or length constant and time constant are given by

A= -

» m/ri (11) and Tm Mo Cm
This is the well known cable equation which describes the time course and spatial
distribution of the ETP in long, thin cells (Hodgkin and Rushton, 1946).

For a constant current flowing for an effectively infinite time, the steady =~

state voltage at distance x is given by

= 2 2 o
Vx.,f cer TAT V2
- . dx .
:v _ _ e-xé .
x =o, t =0 (12)

This means that the voltage across the membrane falls off exponentially with distance
from the point at which the current is applied (figure 2 b). If we make x = A,

e
Vesn ,t=q ¢ . o C(13)

and A can thus be defined as the length over which the transmembrane voltage falls

to 1 of its original value.
e

The net effect of the cable properties is 1) attenuation of the signal with

distance, since current is constantly leaked off through the membrane with a ‘
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resultant increase in the effect of r. with distance, and 2) slowing of the
signal with time since progressively less current is available to discharge the

adjacent c .. It can easily be seen from A = [ r that, assuming r. remains
r,

i
constant (which it does in the absence of volume changes), an increase in - will
increase A by reducing the shunting of internal current flow. The axial current
will consequently spread a greater distance, as will the ETP which will therefore
decay at a slowerrate. In other wc;rds, the amplitude of the ETP is directly
proportional to roe This relationship makes for a simple method of obtaining
reliable estimates of changes in -~ because ETP's can be recorded at various
distances from the stimulating electrode before and after experimental manipulations.

b) Nerve

The similarity between excitable cells and electrical cables is most apparent
- in the geometry and ultrastructure of the nerve fiber. In studying the cable
properties of such cells, the giant axon in the hindmost stellar nerve of the squid
has proved to be an ideal preparation. The cells are extremely large (up to 1T mm
in diameter), making it relatively easy to impale the membrane with a large
capillary microelectrode (Hodgkin and Huxley, 1939; Curtis-and Cole, 1940) for
Em measurements. In addition, the axoplasm can be carefully squeezed out of the
cell for analysis of ion concentrations (Hodgkin and Keynes, 1953). A glass
capillary or metal electrode can then be inserted down the fiber core and used for
injecting substances or for recording electrical changes, with little impairment of
impulse conduction (Curtis and Cole, 1942; Hodgkin and Huxley, 1945). Further-
more, compared to muscle, the nerve cell membrane is easier to penetrate with a |
glass microelectrode and, of course, the cell does not respond mechanically when
stimulated as muscle does. Also, the lack of surface invaginations (T - fubule
system in striated muscle) and cell junctions makes the measurement of resistance
and capacitance much less complicated. Therefore, the bulk of the classical
electrophysiological investigations regarding excitable cells have employed the
squid giant axon.

Cole and Hodgkin (1939) first obtained a mecﬁsuremenf of the resting Rm of
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squid giant axon by passing a known square wave (DC) pulse down the axon and
recording the steady state ETP extracellularly. They obtained a mean of 700
ohm cm2 but assumed that the value should be approximately 1000 ohm cm2 for a
fresh tissue. Lobster and crab nerve have values of 2000 and 5000 ohm cm2,
respectively (Kaiz, 1966). Cole and Curtis (1938, 1939) measured specific R

and C by passing sinusoidal (alternating) current of various frequencies ’rhrough

<shmulqhng electrodes in a bridge circuit and balancing the bridge with known vaiues .

of variable resxs’rcnce and capacitance, They and others (Cole, 1949; Hodgkin,
1939; Weldmcmn, 1951) found that C is 1.0 1'o 1.2 F/cm . These values are
consistent with a bimolecular layer of lipid 50 A thick, a dielectric constant of 5
or 6 and an electrical resistivity of 2 x 109 ohm cm (Hodgkin, 1958). These
measurements have provided strong support for the membreane theory as the axoplasm
 resistance is only 30 to 60 ohm cm (Hodgkin, 1939; Weidmann, 1951).

Values for A and Tm for crustacean nerves (see Table 1) range from 2.5 to

~5:0 mm and 0.7 t0 5.0 msec, respecﬁvely‘(Kafz 1966) . 1t will be shown in later >

sections that compared o different types of muscle, \"m is relatively small, and .

consequently has a direct bearing on the comparatively fast impulse conduction
velocity of néerve.
) Skeletal muscle _

Structurally, single striated muscle fibers are long slender cylinders which
are up to tens of cm in length and 10 to several hundred . in diamefer. Exceptions
to this are crustacean muscles which are of similar diameter (100 ~ 600 p) but m;Jch
shorter, only 2 mm (Fatt and Katz, 1953). All of the fibers extend the length of the
muscle and there are no low resistance electrical connections between fibers
(Katz, 1966). Two major types of muscles; fast twitch and fonic-, are differentiated
according to their relative excitability (ability to px;oduce all = or ~ none propagated
AP's) and their innervation. In spite of real functional differences however; all
striated muscle fibers have cable properties (Kafi, 1948; Fatt and Katz, 1951, 1953 q;
Burke and Gihsborg; 1956; Tasaki and Hag.iwara; 1957; Falk and Fatt, 1964;
Adrian and Peachey, 1965).

Fast twitch fibers closely resemble nonmyelinated nerve axons: each cell is a



" Electrical Membrane Pérameters of Nerve

ond Striated Muscle .

Preparation ' R C R. A T Ref.

m m, i om
(ohm-cm”™) (uF/cm”) (ohm cm) (mm) (msec)
A. Nerve: _ _ _ , .
Loligo axon 1000 11 30 5 - 3
Sepia axon - 1.2 60 - - ‘ - 2
Lobster axon - - - 2.5 . 3
Crab axon - - _ - - ' 2.5 5' 3

B. Skeletal Muscle: . ‘ ¢ N

-Frog sartorius - 2'.6 230d) _ 2 24.5 4&5
1900 6.1 - - 12
4100 8.0 - - 34,5
. Hiofibularis ’ ! . :
1) Twitch 3100 6.8 - - 215
2) Slow 29000 1.6-2.5 - - 46,
Crab 116 42 ~ N -~ 4.6
CrayFish 1000 - 20 . - -~ 20 10

—63—

1) Hodgkin, 1939; 2) Weidmann, 1951; 3) Katz, 1966; 4) Falk and Fatt, 1964; 5) chi, 1948; 6) Ishi-!;o oﬁd Sato,
1960; 7) Fatt and Katz, 1951; 8) Adrian and Peachey, 1965; 9) Fatt and Katz, 1953; 10) Fatt and Ginsborg, 1958
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functional unit no current flows fo other cells, and ETP's decay exponentially
along the length of the fiber until they are blocked by the high resistance of the
membrane at the end of the fiber. A significant radial current flow exists, how-
ever, in short, wide crustacean fibers (Fatt and Katz, 1953; Orkand, 1962).
such cells, the ETP may decay in amplitude more steeply than would an exponential
function in the immediate vicinity of the polarizing electrode but decay more
gradually (i.e. smaller dV/dx) over the rest of the fiber (Orkand, 1962). Burke
and Ginsborg (1958) reported that in the tonic skeletal muscle fiber which receives
distributed innervation, stimulation of the small nerves prdduces a uniform depolar-
ization which decays more gradually than a focally (ihfracellularly) produced ETP.
In attempting fo measure the cable parameters of striated muscle or changes
in their values, fiber geometry must be taken into account. When current flows
uniformly across the whole membrane of unit length, the current - voltage (I-V)

relation shows the membrane resistance directly (i.e. V = input r = rm) . This

can be achieved for squid axon by inserting a long stimulating electrode into the
fiber (Hodgkin and Huxley, 1952 a). If current is applied ot a point of a cable -

- like fiber (e.g. striated muscle) with a microelectrode - the- current density
decreases exponentially along the fiber. From the cable equation (Hodgkin and
Rushton, 1946), the I-V relation at the point of current injection is now proportional

to the square rc?of of r (i.e. ’\f/ ::’,/J—r;) . Using the unmodified Ohm's Law (rm =.

N ), Fatt and Katz (1953) obtained a value of only 116 ohm cm2 for Rm of crab
I .

o

claw muscle. On the other hand, Fatt and Ginsborg applied the correction accounting
for the cable decay ﬁnd found that R, of crayfish muscle was 1000 ohm cm? (see
Table 1) which is very similar to that of squid nerve. Frog twitch muscles have Rm
of the same order of magmfude as that of squid axon but the R of tonic (slow)
muscles is 29,000 ohm cm (Adrian and Peachey, 1965) The possnble explanation
for these differences is discussed below.

Tasaki and Hagiwara (1957) modified the cable equations to account for

responses to applied alternating current in order to analyze ¢, of toad sartorius.
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The amplitude of the potential changes af x = o varied inversely and llnecrly with

the square root of fhe frequency (i.e. V versus 1 _is o straight line), which
J& |

indicated that for frequencies between 25 and 1500 Hz, ¢, Was independent of
frequency. They also defermined the <. from the time constant (T ) of pofenhal
rise in the foot of a propagated AP. This region is the electrotonic component and
is determined by 1) the cable properties at rest and 2) the impulse conduction
veloc:fy (Hodgkin, 1954), By measuring the conduction veloc1fy and the rate of
rise (dV/ of the AP foo"r they calculated the conduction velocity as 1.8t0 2.5 m/sec and |
'T' as O, 10 to 0.27 msec. As stated in section C, part 1 a, the time constant is

) given by
e T
i m (14)
and Cm Ri = - | '-
22T, o (15)

The data obtained by boih methods were in close agreement and gave values for

Cm of 5t0 9 pF/cmz. The space constant can be calculated from the equation

IJ_‘ F (16)

| - or from the conduction velocn‘ and T of the foot of the conducted spike by
L a2 o |

By analyzing data from experiments in which squafe—wcxve DC pulses were passed down the
muscle, Tasaki and Hagiwara cqlculafed’i’ 2 30 msec anda > 3 mm.
The foregoing studies failed to take lm‘o consideration the extensive triad

or T - tubular system of striated muscle fibers when measuring R and C . This

- structure, found by Porter and Palade (1957) by electron mlcroscopy, cons:sfs of -~
membranous | invaginations of the cell membrane into the cell interior and situated
between the terminal cisternce of the sarcoplasmic reticulum. Depolarizing
current from an external electrode passes via these tubules into the interior and

'~ activates con’rracflon (Huxley and Taylor, 1958). This tubular system is well

developed in vertebrate twitch and many invertebrate muscles, and it has been
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‘shown that the presence of this Syéfem is associated with a high resting Pk (Adrian
and Freygang, 1962; Adrian and Peachey, 1965). This observation is consistent
with the low R of twitch fibers and high R of tonic fibers which have very little
tubular system (Peachey and Huxley, 1962).

The sarcotubular system also makes a significant contribution to the
total cell membrene capacitance. The high values of 5 to 8 pF/cm2 (Katz, 1948;
Fatt and Kafz; 1951)‘.and 20 to 40 pF/cm2 (Fait and Katz, 1953; Fatt and Ginsborg,
1958) for c of frog and crustacean muscle fibers respectively are attributable to a
high capacitance (Ce) in the tubular system in parallel with the surface membrane
capacitance (C ) (Falk and Fatt, 1964). There is also a small resistance (R ) in

series with ¢ . The vcrlues which they measured for frog sartorius were R_=3100

m

ohm cmz, ¢, 2.6 pF/cm , R =330 ohm cm2 and Ce =4.,1 pF/cm . The

“equivalent c1rcu1‘r which fhey proposed is shown in figure 3 superimposed on a

schematic dlagram of the ultrastructure (From Freygang et . al ., 1967). Briefly} TR

“they proposed that current flow through a fiber with this syc’rem would be described
by two time constants, ’i' (C +C ) R and T =C, R for which they
calculated values of 21.0 cmd 1 3 msec, respec’rlvely In general therefore, the
T - system alters axial current flow along the core conductor and its cable
properties determine the speed and extent of current spread from the surface info
the fiber interior.
The findings of Falk and Fatt have si.nce'been canfirmed (Gage and

Isenberg, 1969; Schneider, 1970} Freygang _ef_l. al ., 1967) but there is some
controversy as to the structural correlate of Re' as to whefher or not the tubules
are open - mouthed (Adrian et . al ., 1969; Peachey and Adrian, 1972), and as to
the extent of radial current flow (Schneider, 1970). The findings that deeper

.:, myofibrils are activated later (Gonzalez ~ Serratos, 1966) and require a larger -
surface membrane depolarization for cx.cfivcn‘ion‘ (Adrian et . _eﬂ_., 1969) indicate
that radial currents are likely present. These currents require an equivalent

circuit with R and C spatially - distributed throughout the cross - section (Schneider,
1970). It appears that the tubule may offer some resistance (R ) to the outside since

RT = 3 R (Schneider, 1970), only 1/3 of fhe T - system is access:ble to ferritin
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Equivalent circuit for striated muscle fiber membrane proposed by

Falk and Fatt (1964) superimposed on a schematic diagram of the
ulirastructure. Location of r tentative. Resistances and capacitances
for unit length of fiber. T.TS refers fo the fransverse tubular system

and T.C. refers fo the terminal cisternae (from Freygang et . dl ., 1967).
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(Peachey and Schild, 1968) and the éfFecﬁve T - system space constant is shorter
than it would be if RT = Ro (Adrian et . _ql., 1969). The general conclusions
which appear to be reasonably independent of the specific mode! adapted are that
the surface membrane has a capacity of 1 HF/cm2 and that the tubular system
makes a substantial contribution fo the low frequency capacity.
. A d)  Cardiac muscle
Most cardiac cells are not of uniform diameter and infinite length but fuse
with one another at each end, forming low resistance intercalated discs. The cells
average 150 p in length and 50 y in diameter, and behave electrically as a functional
s‘yncyﬁum (Fozzard and Beeler, 1975). This, of course, is very important as the
contractions of myogenic hearts must be synchronized by pacemaker cells which
have the most rapid spontaneous contraction frequency.
~ Electrical membrane constants for several cardiac cell types are shown in
Table 2. The Ri (120 ohm cm) and C 2,4 pF/cmz) appear to be2 very similar for
the various cell types while P ranges from 1200 to 2000 ohm c¢m”™, and T from”
13 to 19.5 msec. The high vcs'uo of 12 pF/\,m obtained by Weidmann \1952) has -
been suggested to consist of a surface membrane capacitance which is rapidly
discharged during the initial spike of the AP, and a sarcotubular capacitance which
is slowly discharged during the beginning of the plateau (Noble, 1962a). Fozzard
-(1964) showed that the "high frequency" capacitance obtained from the foot of a
propagating AP was 2 to 3 pF/cm2 while the "low frequency" capacitance obtained
by square - wave current analysis was 10 to 12 pF/cmz. Noble (1962a) indicated that
a C of 3 |.1F/cm2 is required in order to obtain appropriate values of depolarization rate
and conduchon velocity in computed responses. He later (1966) suggested that the
cable equation should be modified along the lines suggested by Falk and Fatt (1964)
to account for the "internal" membrane capacitance. It hos been demonsfrafed fhough
that the time course of the foot of the propagated AP in the frog venfrlcle fits the
+ predictions made from the cable theory (Van der Kloot and Dane, 1964).
The fibers of the atria are complex in that they form an extensive branching

network of cables. Consequently, cable equations and experimental protocol have

had to be modified (Noble, 1966). Woodbury and Crill (1961) developed a model
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Table 2

Electrical Membrane Parameters of

Cardiac Muscle Fibers

 Prep. R _ C R, T Ref.

(ohmeerd)  (uF/em?) (ohmecm)  (msoc)

Purkinje fiber -~ 1200-2000 11-12.4 105 13-19.5 1&2

- 2.4 120 - 3
Terminal purkinje - 2.4 120 - 4
* Ventricular fiber - 2.4 120 - 4

Atrium - 2.4 120 - 5&6

1) Weidmann, 1952; 2) Coraboeuf & Weidmann, 1954; 3) Fozzdrd, 1966;
4) Matsuda, 1960; 5) Vaughan Williams, 1958q; 6) Vaughan Williams, 1958b .
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to account for the effect of branching on the time course and spatial distribution
of V and im. In cable ~ like cells the membrane areq increases linearly with
distance from « polarizing electrode. In extensively branching preparations, the
area increcses more rapidly with distance. If the preparation is relatively thin and
the branchiqg frequent (e.g. mouse atrium), the relation between Vit = co and x

is adequate 'y described if represented by a single planar cell of infinite dimension,
bounded by two parallel, sheet - like membranes. Assuming this geometry, the area
increases as the square of the distance (x2) and the current density in the vicinity

of an intracellular current - passing microelectrode decreases rapidly with distance.
In other words, the membrane is shunted by o relatively low electrical resistance due
to the large membrane areq surrounding the electrode. The equivalent cable
equation for a theet membrane separating a layer of intracellular fluid from the

extracellular fluid is given by

d%v =3Ricm(gy *L-1 d_2\2>
d>52 dt X x4 (18)

where 3Ri = resistcnce of unit length and breadih of intraceiivlar fluid.

In conclusior, cardiac muscle cells form an extensively branching network
with low resistance junctions such that it functions as syncitium. The innervation
is therefore sparse and concentrated to certain pacemaker sites, and the functional
unit is the whole muscle. A

e)  Smooth muscle
Perhaps the only generalization concerning the size, shape and c:r.rcmgemeniL

of SM cells in different pieparations is that their diversity defies generalization;
thus various models of cell interrelationships have been put forward to relate to
elecfrophysiological data (Burnstock and Prosser, 1960b; Prosser, 1962; Nagai and
Prosser, 1963q; Barr, 1963; Vayo, 1965; Bennett and Merrillees, 1966; Tomita,
1966b; Bennett and Rodgers, 1967; Abe and Tomita, 1968),

4 With reference to the ultrastructure of SM cells, their contour is uneven
and they range in size from 2 to 6 M in diameter and from 90 to 600 p in length
(Burn_sfock, 1970). The separation of neighbouring muscle cells is generally

L]
between 500 and 800 A (Merrillees, 1968). In the taenia coli and vas deferens,



- 37 -

the cells have a staggered, weaving arrangement with adjacent cells overlapping,
such that each cell is surrounded by 10 to 12 others (Merrillees, 1968; Bennett and
Rodgers, 1967). Many ultrastructural features which are thought to be specialized
for intercellular communication have been described. These include "bridges”
(areas of close apposition), "intrusions" (peg and socket arrangement), "desmosomes"
(attachment plaques) and "tight junctions” or " nexuses" (representing low resistance
areas of adjacent plasma membranes) (Rhodin, 1962; Lane and Rhodin, 1964q;
Dewey and Barr; 1962, 1964; Burnstock and Merrillees; 1964; Merrillees, 1968;
Bennett and Rodgers, 1967). Such formations can ke observed on electron micro-
graphs but the integrity of the structures depend on both the physiblogical and
fixation conditions. Thus it is difficult to differentiate between a labile structural
arrangement and an artifact of the fixation process (Dewey and Barr, 1964; Burnstock,
1970). Consequently, electron micrographs are at best only a %Upplémenf to electro-
physiological studies. Alfhough true fusion has not been demonstrated, bridges and
nexuses may form up to 6% of the total surface area of visceral SM cells {Lane and
Rhodin, 1964aq; Taxi, 1965), thus providing a reasonable ultrastructural basis for
intercellular electrical communication. The cells of most SM's are arranged in
branching bundles or fasciae, about 100 p in diameter and surrounded by connective
tissue sheaths (Burnstock and Prosser, 1960b; Bennett and Burnstock, 1968). ,WifH
regard to intracellular sfrucfures; the sarcoplasmic reticulum and sarcoplasmic tubules
are present but poorly - developed in SM (Burnstock and Merrillees, 1964; Rogers,
1964; Carsten, 1969) . On the basis of these considerations, therefore, one might
expect current to cross from cell to cell (depending on the resistance of the close
contacts) and the cell capacitance to be less than it is in striated muscle cells
(due to the paucity of intracellular membranes).

It has been demonstrated that the cable equations originally derived for
nerve and skeletal muscle (Hodgkin and Rushton, 1946; Tasaki and Hagiwaré, 1957)
can be used to analyze the passive electrophysiological characteristics of the
guinec—big taenia coli, even though the resistance of the junctional membrane

between cells contributes substantially to the longitudinal tissue resistance, F.

(Tomita, 1966 a,b; Jones and Tomita, 1967; Abe and Tomita, 1968). The results
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obtained by external polarization si'fongly suggest that the muscle fibers are .
electrically interconnected and aggregated as a functional bundle (Tomita, 1966q).
The exponential decay of the ETP indicated that the fibers could be represented
electrically by a series of independent cables connected by junctional resistances

(r.) and capacitances (c.) located between cells (Abe and Tomita, 1968) as shown

in figure 4a). Each cell is represented by four unit meﬁnbrane equivalent circuits

and three series myoplasmic resistance while the interior of each cell is connected

by one unit junctional membrane to the interior of another cell. Although inter-
connections also exist in the transverse direction, they can be disregarded in

external polarization since all cells in q plane parallel to the polarizing elecirode are
thought fo be at equi-potential (Tomita, 1966 b).

On the application of square current pulses "intracellularly" to this mode!

-using reasonable but arbitrarily chosen values of resistances and capacitances
“similar to those of SM cells, the decay of the ETP with distance was found to be
exponential (Abe and Tomita, 1968). The decay was sharper ot the junctions since

r. was 3.3 times total r. of a cell, but the decay in the taenia coli was suggested

to be smoothly exponential as r, ( = 200 ohm cm) is only 1 or 2 times r (= 100 -
200 ohm cm) in this tissue (Jones anc Tomita, 1967; Tomita, 1969) and the cell length
(= 100 1) is much shorter than the tissue space constant ( == 1.5 mM, Tomita,
1966a; Abe and Tomita, 1968). The A of the decay along the model could be calculated
from the ordinary cable equation ( A =?rT) and was found to be 2.4 cell lengths.

Al

The time course of the ETP at any point also fitted the theoretical time course -

(Hodgkin and Rushton, 1946) and was minimally affected by the ¢, provided the

time constant ( T =c_ v,
JJ
ell

model accounts quite well for the electrophysiological data from many smooth

) was less than 5% of 'Tm. As is discussed below, the

muscles.

An electrical model has also been constructed in order to explain ‘why
 the spatial decay of the ETP produced by intracellular polarization is much sharper
than that produced by external stimulation (Tomita, 1966b). The model (figure 4b)

consists of five columns of longitudinally connected fibers, each represented by 12
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L~
-0

I

Figure 4.~ Panel a - Equivalent circuit of smooth muscle fiber; membrane resistance
and capacitance, internal fluid resistance and junctional resistance and
capacitance given for unit lengths. Panel b - Electrical model to
simulate interfiber connections of smooth muscle. Model represents
two columns of muscle fibers connected in series, the interior of one
connected with the interior of the other at intervals through unit *
shown beneath (from Tomita, 1966 b).
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repeating unit membrane circuits and connected to the inside of the o’rher‘fibers by
“high and low resistance connections, values arbitrarily chosen. The ETP produced
by external polarization (applied to end of 5 fibers simultaneously) decays less
sharply with distance and its time course can be expressed by an error function, while
that elicited by intracellular stimulation has o time course which can be expressed
neither by an error function nor by an exponential function. Also, the effective
membrane resistance (Re) when external polarization is used is the same when
calculated either by Vx =o or by the cable equation (Re = M) , and is
greater than that calculated using intracellular polarization. Therefore, the model,
ah“hough a simplification of reality clearly shows a difference between the two
~methods. |

In order to predict the actual spatial decay and time course of the ETP in a
cable - like preparation, the relation of current spread to tissue geometry must be
defined (Woodbury and Crill, 1961; Noble, 1962a, 1966). In cable - like prepara-
tions the membrane area increases linearly with the distance from « given p>oini'.
In a thick preparation with three - dimensional interconnections between cells, like
those of SM, the area increases rapidly with distance, probably as the cube (x‘3) as
discussed above. Therefore, the current density in the immediate vicini‘ry of an
intracellular current -~ passing microelectrode spreads in three dimensions and rapidly
becomes very low. In other words, the membrane area near the microelectrode is
shunted by the low electrical resistance due to a large membrane area surrounding
the electrode. With external pblarizafion, on the other hand, electrotonic current
in the transverse direction is minimized while that in the longitudinal direction is
maximized, since all cells lying in parallel at the same distance from the polarizing

electrode are thought to be polarized to the sume magnitude (Tomita, 1966 b).

The inference from these considerations is that intracellular stimulation produces
only a very local polarization which is severely space - limited while extracellular
stimulation polarizes a whole plane of cells so that the current can spread along

the muscle bundle as if it were a single cable.
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The method of intracellular polarizaﬁon has been employed in earlier studies
to detect the presence of , and determine the degree of electrical coupling via low
resistance junctions between cells. By applying square wave pulses intracellularly,
Barr (1961) measured the resistance between the cell infe‘rior and the solution and
between two neighbouring cell interiors. Finding that the resistance across two
cell membranes was double that across one, he concluded that there were no low
,re.éisfcmce cell contacts. On the other hand, Nagai and Prosser (1963 b) found the
resistance ‘between two cell interiors o be 1/2 to 1/3 of that across one membrane,
and claimed to be able fo record an ETP with negligible decay in amplitude in an
adiacénf cell. By the resistance measurements they give however, at least a
partial reduction in ETP amplitude would be expected. In subsequent studies the

“amplitude of the ETP produced intracellularly decayed very rapidly with distance
(Spereldkis and Tarr, 1965; Bennett, 1967 b; Kobayashi et. 91." 1967; Kuriyama
and Tomita, 1965). These results were evidenced by the low values obtained for A
and for ’Tm (1.5 to 31 msec, most under 10 msec, see Table 3). The latter values
indicate a very fast fime course which can not be fitted by either an error function

(according to cable ’rheory) or an exponem‘lal function (Kurlycma and Tomita, ]965)
These results are consistent with the three = dimensional current spread discussed
above. In addition, these investigators neglected these interconnections when
calculating the passive membrane cable parameters. The specific R was calculated
by multiplying the input resistance (_i;_o_) with the cell surface area, assuming
homogenous current spread over the sur]‘foce membrcne (Barr, 19610; Nagai and

- Prosser, 1963 b; Kobayashi ef.al al ., 1967 a, b). These assumptions, however,
are prone to error due to 1) the hlgh length/diameter ratio { = 100 p/5u),

2) high internal resistance (=5 M ohm/]OO p) of single cells and 3) the three-
dimensiénal current spread (Tomita, 1966 b; 1970). As it was pointed out by
Tomita (1970), mpu’r resistance equals r for a uniformly - depolarized squid

) 1/2 for a cable - like preparation polarized at one end (é.g.

striated mulscle flber) ) 1/4

ess

and evenjfor a fhree—dnmensnonal syncytium or "volume conductor” like smooth
y

axon, butV =

for a closed syncitium (e.g. cardiac muscle fiber)

muscle. Based on the data of Nagai and Prosser (1963 b) but applying appropriate
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Table 3

Electrical Membrane Parameters of Smooth

Muscle fibers; Intracellular Polarization

-d) Ureter

160 ~ 300 8

15

2-3

Prep. Rm , Cm , ’Tm Ref.
Lo fohmem®)  (uF/em®)  (msec)
Cat intestinal SM 4
a) Circular 560 56 31 1
1050 21 21 2
377 40 5-30 3
980 - - 4
-b) Longitudinal 780 13 10 2
Guinea ~ pig .
a) Taenia coli 320 10 | 2-4 (exp) 5
- - 10 (erf) -5
600 5 L= 6
b) Vos deferens - - 1.8 7
- - 1.5 -3 (exp) 8
- - 3.5 -5 (erf) 8
¢) Longitudinal 600 - 650 4.5-5 3-4 6
intestinal :

| 1) Nagai & Prosser, 1963b; 2) Kobayashi, Prosser & Nagai, 1967;
3) Sperelakis & Tarr, 1965; 4), Barr, 1961;
6) Kuriyama, Osa & Toida, 1967b 7) Bennett, 1967b 8) Tomita, 19670 9)
Kuriyama, Osa and Toida, 1967q

5) Kuriyama & Tomita, 1965;
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corrections, Vayo (1965) calculated total cell resistance to be 2000 M ohms and the
resistance of a single bridge about 40 M ohms. He thus concluded that some of the
current from an intracellular stimulating electrode would pass through bridges. Even
so, the ETP falls as the cube of the distance, indicating that little current is left

by the time it reaches another cell to produce an ETP. Thus it is difficult to analyze
cable properties by the use of intracellular polarization.

" On the other hand, extracellular stimulation lends itself quite well to the
measurement of cable properties of SM fibers because all of the cells in a transverse
plane are polarized to the same extent and consequently, each muscle bundle behaves
as if it were a single cable. Electrotonic spread is easily measured several mm from
the electrode, such that A is up to 2.1 mm and Tm up to 330 msec (Table 4).

This is convincing evidence for the presence of low resistance intercellular connections
since the ETP is recorded many cell lengths away. | . |

With this in mind, the membrane of the muscle bundle is represented by a
series of parallel R-C units in series with the longitudinal intracellular resistance,
and the amplitude of the ETP must be directly proportional to Rm; A novel apparatus
fo: the extracellular stimulation of ETP's was designed by Tomita (1966 a) who
placed two platinum wire ring electrodes at one end of the taenia coli muscle strip
for stimulation and employed a glass capillary microelectrode for intracellular voltage
measurements. In order to prevent 1) the occurence of a stimulus artifact due to
the electrical field in the bath and 2) sharp spatial decay of the ETP due to loss
of considerable current to the solution, a celluloid insulating partition was placed
immediately adjacent to the stimulating electrode nearest the recording electrode.
This partition surrounded the muscle and divided the bath into stimulating and
recording chambers. This method allowed the measurement of 1) the space
constant 2) time constant, 3) changes in - (to which the ETP is directly pro--

portional ) and basal isometric tension simultaneously.

Abe and Tomita (1968) utilized the same principle but improved the geometry

of the apparatus by replacing the celluloid and coating the side of the stimulating

electrode exposed to the recording chamber with an insulating epoxy resin

(Araldite) . The muscle was passed fhrqugh a small hole in this same electrode.
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g

Tab lfe 4

Electrical Membrane Parameters of Smooth

Muscle Fibers; Extracellular Polarization

Preparation Rm , Cm , ' ’T’m A Ref.
(ohm cm™) (uF/em”) (msec) (mm)

Cat intestine

a) Circular - - 133 - _1 -

b) Longitudinal - | - 92 - 2
Guinea pig | o

a) Taeniacoli  30k-50k 2-3 107 1.45 10

'60-100 1.68 11

b) Vas deferens - - - 100 1.5-2.6 8
c) Longitudinal _ . '

intestinal - - 14-100 - 6

d) Rectum 20k 4.3 84 0.81 12

e) Portal vein - - 330 0.52 13

f) Biliary system - - <100 0.7-0.8 14

Rabbit aorta - - - 2.1 15

1) Nagai & Prosser, 1963 b; 2) Kobayashi, Prosser & Nagai, 1967;
6) Kuriyama, Osa & Toida, 1967b; 8) Tomita, 1967q; 10) Abe & Tomita, 1768;
11) Tomita, 1966a; 12) Kuriyama & Mekata, 1971; 13) Ito & Kuriyama, 1971;
14) Creed & Kuriyama, 1971; 15) Mekata, 1976,
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- Current loss fo the recording chamber was thus reduced. The /\. was measured by
pioﬂing the steady - state ETP semilogarithmically as a function of X and finding
the distance at which the ETP decayed to 37% (1); A was found to be 1.45 mm for
the taenia coli. The Tm was calculated by insdrting the experimentally ~ determined
A info the theoretical time course equation (Hodgkin and Rushton, 1946) and by
plotting the time to half-maximum of the ETP versus distance (also linear). The values
calculated were 106.7 and 103.4 msec, respectively. The specific Cm was calculated
from the responses to applied alternating current and Rm was calculated from the
equation T = R Cont The analysis indicated that the smooth muscle of the
guinea - pig taenia coli has a Cm of 2~-3 pF/cm2 and Rm of 30 - 50 k ohm cm2.
These results were later confirmed by the double - sucrose gap method (Bilbring and
‘Tomita, 1969 a). This method has received wide acceptance as the method of
choice for the determination of the cable properties of smooth muscle (Abe, 1971;
Ito and Kuriyama, 1971; Kuriyama and Mékata, 1971; Kroeger and Marshall,
- 1973; Creed and Kuriyama, 1971; Kroeger and Stephens, 1974; Mekata, 1971, 1976;
Bolton, 1972). | |
It should be noted however, that the apparatus has limitations which must be
kept in mind when designing experiments and analyzing data. Basal isometric
tension is confinuously measured by attachment of one end of the muscle via surgical
silk to a force gauge. Muscle length must therefore be kept constant (once equili-
brated) in order to eliminate stretch-induced changes in tension(myogenic response)
when analyzing the effects of drugs and ionic interventions (Stephens and Kromer,
]971‘; Stephens and Kroeger, 1972). In addition, a considerable amount of
. stimulating current is lost o the bath, so that a relatively high voltage must be
applied in order to produce electrical and mechanical responses comparable to |
those of previous studies. Kroeger and Marshall (unpublished) reduced this shunt
loss considerably, by attaching a celluloid partition to the opposite side of the
partition electrode, leaving a small space between it and the Ag/Ag Cl electrode .
Thus, current loss to the recording and stimulating chambers is prevented by the

epoxy coating and celluloid respectively, and current is focused on the muscle
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surface. Consequently, the stimulus intensity required to produce a given ETP is
reduced by about a factor of 10. Finally, to facilitate simultaneous recording of
electrical and mechanical responses, a floating recording electrode assembly must
be employed. Few investigators, however, have been able to record at distances
less than 1T mm from the partition due to surface tension effects.

In addition, fhere; are two theoretical limitations which must be considered
for correct analysis of results. The evaluation of changes in - relies on the
assumption that junctional resistances remain unaltered during the action of agents
and ionic interventions. The resistance of the junctional membrane contributes
substantially to r: (Tomita, 1966 a, b, 1970) so that concomitant alterations in r.
would significantly affect axial current flow, and consequently, the ETP. Since
-r, can not be determined in SM by present techniques and since membrane properties
are analyzed in terms of Fo it must be assumed for the present that r, remains constant.
The effect of Ca on r, will be discussed below (section 4).

A much more important source of error may be encountered in relating o
change in amplitude of the ETP to a change in roe Some investigators (Abe and
Tomita, 1968; Ohashi, 1970) have been able to record af very small distances
(i.e. < 1 mm) from the partition (stimulating) electrode, and have therefore assumed
that x < <A.Based on this assumption, they have simplified the cable equation (Hodgkin

and Rushton, 1946; Fatt and Katz, 1951)
2_ .,

(y_‘_) =t o exp (—>;//\ )
- v - exp (=x/A ) : ~(]9>
fo _ |
)
v LS
o ' _ (20)

by neglecting the last term (assuming -x/A == o) and assuming that r, is relatively
constant (Bulbring and Tomita, 1969a). These equations represent the relationship
between the change in ETP amplitude and the change in - during agonist action

("prime" symbol for altered values). However, with an increase in x or a decrease

in A , the term -x  becomes great enough to significantly alter equation 20. Thus

A
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at distances of x > 0, a change in rm' results in alterations both in Vandin A .
The error which occurs with a decrease in P {and therefore, A ) is greater than

. 2 . .
that with an increase inr . Asa result, the value of (_\_/_') will progressively

\
overestimate the change in Foes X becomes greater (Bolton, 1972). As it is very -
difficult to accurately impale cells at a desired distance of less than 1 mm with the
ﬂocﬁ'iné electrode assembly, it is advisable to use the cable equation in its original
form (Kroeger and Marshall, 1973). These authors devised a graphical solution for

r'm which is described in the methods section of this manuscript. It should be also

——

r
- m

noted that a small error may be made in the assumption (Abe and Témh‘a, 1968) that
the current passing through the tissue 1) is directly proportional to the voltage
‘dpplied to the external electrodes and 2) is unaffected by large changes in -
(Bolton, 1972). Again, these are variables which would make quantitative
evaluation of resistance changes very difficult unless assurmed as stated above.
Although this type of error is very smail, it can be removed by ploﬁingri*he steady
state amplitude of the ETP as a function of distance on semilogarithmic paper, thus
eliminating the current factor.

In conclusion; the method of extracellular stimulation and intracellular
recording of ETP's is suitable for measuring the passive electrophysiological charact-
eristics of smooth muscle. If is especially useful for evaluating changes in r due
to agonist action providing. limitations are taken into account and suitable corrections
are applied.

2.  lonic Basis of the Action Potential

a) Nerve .

It is clear from the analysis of cable properties that the axial spread of the
ETP (due to current flow along the core-conductor of a cable-like structure) decayé
much too rapidly to transfer electrical "messages” over the lohg distances encountered
in higher organisms. There is, however, an additional mechanism which makes use
of the cable properties in its initiation, but thereafter becomes regenerative and

propagating. This mechanism is the action potential which is the result of a
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threshold.amount of depolarization c;cxusing a regenerative increase in membrane

permeability to Nu+ jons. Consequently, Na rushes inward down its electrochemical

gradient depolarizing the membrane further, causing a spike potential with a very.

fast rate of rise. The ionic processes underlying the depolarization and subsequent

repolarization of the spike are dealt with in detail below. '

Historically, it is of interest that this AP was first thought to represent a

breakdown of the membrane selectivity for K, causing Em to fall to zero potential
(Bernstein, 1912). It was later shown (Hodgkin and Huxley, 1939, 1945; Curtis and
Cole, 1942) that the membrane potential underwent a transient reversal (i.e. interior
became positive to exterior) during passage of an impulse. It was also known that
membrane conductance (gm) increased fransiently during passage of an impulse

(Cole and Curtis, 1939), and that local potentials and AP's were produced with
increasing cathodal (depolarizing) current intensity (Hodgkin, 1938). Hodgkin and
Katz (1949) put forward the hypothesis that a large reversal of Em could be obtained |
if it was assumed that the active (depolarized) membrane reversed the resting
conditions by becoming highly and specifically permeable to Na. Since [Na] o
>> [Na] ; (Steinbach and Spiegelman, 1943), the sodium equilibrium potential

~ would be positive (about 60 mV) and the electrochemical gradient would be over-

whelmingly inward. These authors demonstrated a clear relationship between AP

~ height, rate of rise and conduction velocity and the Na concentration outside the

fiber (Hodgkin and Katz, 1949). Quantitatively the PK/PNG ratio was reversed

from 1:0.04 af rest to 1:20 during an AP.

The "sodium theory"” was supporfed by the data of Keynes (1951) and

Keynes and Lewis (1951) who demonstrated a net entry of labelled Na during an

AP, which was quantitatively sufficient to account for the observed change in

Em. However, it was also reported that the negative after - potential (under-

§wing) of the AP was affected by changes in [K] o (Hodgkin and Katz, 1949)

and that an amount of K equivalent to the net Na entry was lost during the AP

(Keynes, 1951). Hence, it was reasonable to conclude that the Na influx caused

the rising phasé of the AP and K efflux the falling phase. . The time

course of these events had to be measured though, by a more sensitive and accurate

P
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technique.

The ionic basis of the AP is difficult to analyze because the measured
voltage transients are produced by several fonic currents which vary with voltage
and time. This problem was solved by Hodgkin and Huxley (1952 a-e) by 1) meas-
uring the ionic currents of the squid nerve membrane with transmembrane voltage
“clamped” to desired values and 2) comparing the reversal potential of each
current to the fon equilibrium potentials. Thus, ionic currents are measured as a
function of voltage and time. . |

The voltage clamp technique involves a sudden simultaneous displacement
of Em over the whole of the cell membrane from its resting value to a predetermined
fixed potential by a feedback - controlled current source. The current which flows:
through a definite area of membrane under the influence of the applied voltage
change is measured with a separate amplifier (Cole, 1949). The important point is
that the amplitude and direction of the ionic current (after a rapid capacitive charge
or discharge) during this period varies greatly with 1) the amplitude of the voltage
ksfep, 2) with the concentration of ions in the external medium, and 3) with time.

The total membrane ionic current consists of a rapid (1 m_sec),'frcmsienf
inward current which changes more gradually to a steady maintained autward
current. That the initial inward current was carried by Na (INO) was evident in
that 1) the current density decreased with greater depolarization, 2) the current
reversed direction at Em = ENa and 3) it was abolished by replacement of Na
with choline. The outward current remaining after Na substitution was assumed to
be .carried by K as it was only slightly offected by changes in [Na] o This
interpretation was supported by tracer studies (Hodgkin and Huxley, 1953) which
showed that depolarization caused a large increase in K efflux which was equiva- -
lent to the total electric charge passing through the same area of membrane in the |
same time.  The next step, the determination of the Na component of total ionic
current was accomplished by subtracting Iy produced by a moderate depolarization,
from the total ionic current, Ii . The height and the extremely fast rate of rise of the
spike due to the Na current was later shown (Hodgkin; 1958) to be explained by the

voltage - and time - dependence of the Na activation and inactivation processes.
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The variation of INg with Em is very steep (e - fold change per 5 mV) and the
depolarization and increase in gN& are mutually reinforcing. As a result, the

spike approaches very close o E However, as soon as active Na channels are

opened (activation), the inocﬁvcl;:?on process begins. Different channels are likely
activated at slightly different times, so that af the peak of the spike, some Na
channels are being inactivated and thus prevent the AP from reaching ENq' These
differences in the onset of activation also account for the latent period between the
onset of a stimulus and the peak of the AP. The latency decreases with increasing
stimulus intensity, which therefore improves the synchronization of activation. The
minimum stimulus duration required to excite is the utilization time. The Na
inactivation process would slowly repolarize the membrane by itself but it is aided
by the voltage - dependent and more slowly responding outward K current. In
summary, therefore, the AP is produced by 1) a rapid depolarization - activated
increase in gy which permits a regenerative flow of Na down its electrochemical ©
gradient, 2) a rapid Na inactivation process and 3) a delayed, voltage = dependent
increase in gy which accelerates the membrane repolarization.

An attempt was made to describe these observations by an electrical model
(Figure 5) and a set of equations. Briefly, the theory is based on the findings‘fhc’r o
the movements of Na and K during the AP are determined 1) by their respective

~ electrochemical gradients, which can be expressed as the difference between the
RMP and the ion equilibrium potential (battery symbol), and 2) by the Na and K

conductances (g Na ). For sudden changes in potential, the instantaneous

=1
JEET - RNq
jonic currents are linear functions of their electrochemical potential gradients and
are given by

INa - gNa (Em - ENa) - (2n i

g =9 En~F
. 1= 9c) €, ~Eep
~where ICI. is the main contributor to the "leak™ current (Il) in the Hodgkin - Huxley

“model. The conductances are thus calculated from the experimentally - obtained
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values for the respecfive ion equilibrium potentials and currents at peak current
flow, and are termed chord conductances. The authors finally derived a set of
complex equations describing the ionic currents, and by the use of computer
programming, were dble to predict the form of the AP. The models which they -
derived, it must be noted, contain components with no physiological correlates.

Several additional features of the AP which were also explained by
delineation of the voltage - and time - dependence of fhe ionic currents are 1) the
absolute and relative refractory periods, 2) accom modation,3) anode - break
excitation and -4) rectification. The refractory periods occur when Na inactivation
is well developed and g'K increasing, making the membrane temporarily, and then
partially, inexcitable. Accommodation is the result of a slowly - rising depolarization
- allowing sufficient time for the Na inactivation and K qcﬁvaﬁon processes to
suppress the increase in gNd, thereby inhibiting fh.e production of an AP. In other
words, the threshold level of Em (i.e. ETh) is gradually increased. On the other
hand, anode - break excitation is due to o fall in ETh with hyperpolarizing (anodal)
stimulation, such that ETE may be more negative than RMP when the current is
terminated. This leads, therefore, to an AP.

The mechanism underlying recfificaﬁonwéluded several investigators (Cole
and Curtis, 1939; 1941; Goldman, 1943) until the Hodgkin - Huxley studies.
Cole and Curtis (1939) first showed that in the steady - state, the squid nerve
membrane has a much lower resistance to depolarizing current than to hyperpolarizing
current, thus behaving c;s an electrical rectifier. However, resistance to depolarizing
current also decreases with time so is called delayed rectification. This underlying
process is now known to be the gradual (delayed) increase in gK with depolarization.
Thus, the ionic currents are linear functions of the electrochemical potential
gradient (i.e. I~ E plot given by straight line) only for instantaneous changes in -
Er;]. This effect is best observed by superimposing depoldrizing and hyperpolarizing
ETP's: due to rectification caused by an increase in resting gK', depolarizing ETP's
are lower in amplitude for a given stimulus current intensity (Hodgkin, 1938),

b) - Skeletal and cardiac muscle

The AP of striated muscle fibers is similar to that of nonmyelinated axons in
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that it is produced by a specific, rap}d, regenerafive increase in gy, (Narahashi
et . E‘_l_" 1960; Nastuk and Hodgkin, 1950) which is rapidly inactivated (Adrian
et. al ., 1968). Although the height (60 = 70 mV), rate of rise (450 V/sec) and
duration (1 - 2 msec) of the spike are very similar to those of nerve (Katz, 1948), the -
time course of repolarization is longer and Em transiently "levels off" at a potential
less negative than RMP (positive after - potential). With reference to the time
course of repolarization, this is thought to be prolonged as the result of a slower,

smaller increase in g in comparison to that of nerve which is inactivated by

.repolarization (Adrian et . EL' , 1970). With reference to the positive after -

. potential, there are fwo hypotheses regarding the underlying mechanism, the first

of which is that 9 transiently decreases to less than its resting value during

‘repolarization (Hodgkin and Horowicz, 1959a). The second proposal is that Ei

transiently decreases as a result of local K accumulating in the T - tubule system

. (Gage and Eisenberg, 1969b) or sarcoplasmic reticulum, thereby increasing local ... ... ...

) .
LK) o (adrion et . ai ., 1970).

As well as delayed rectification, Adrian and Freygang (1962) demonstrated

anomalous rectification in skeletal twitch fibers, in which g is greater for inward, . ...

current than for outward especially in high K solution. This phenomenom is the -
opposite of delayed rectification and is not found in tonic skeletal fibers (which
lack a T - tubule system) (Stefani and Steinbach, 1969) or in twitch fibers whose
transverse fubules have been disrupted by glycerol (Gage and Eisenberg, 1969 b).
The results have been interpreted as being due o changes in gy in the sarcotubular
and /or T - tubular systems, but exact locations and underlying mechanisms are
unknown.

With reference to cardiac electrophysiology, the AP is also very similar
to that of nerve in ifs height (80 - 100 mV), rate of rise (up to 570 V/sec) and
dependence of these parameters on [Nc] o (Brady and Woodbury, 1960; Weidmann,
1955). However, the overshoot and repolarization phases of ventricular and
Purkinje fiber AP's are characterized by a plateau and slow repolarization which
may last several hundred milliseconds (Draper and Weidmcnn,]951); The initial
rapid Na current is rapidly inactivated (Noble, 1962) but there simultaneously

;e
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begins 1) a slow inward Ca current (ReU'rer, 1968; Vitek and Trautwein, 197:1)
which may generate a notch or secondary depolarization and is then inactivated, and
2) a slow outward K current that underlies the slow delayed rectification which
repolarizes the membrane (Noble and Tsien, 1968). These "plateau™ currents are
both voltage ~ and time = dependent, and both delayed and anomolous rectification
have been demonstrated (Noble and Tsien, 1968). Acording fo their analysis the
inward (anomalous) rectifier is great enough to reduce the repolarizing current
progressively supplied by the delayed‘, outward rectifier, thus slowing repolarization.

In order to differentiate between the Na and Ca components of the initial
inward current, Kohlhardt et . al. (1972) serially voltage - clamped the ventricular
trabeculae of cats at two different levels of depolarization and preferentially
suppressed INQ and‘lcq with inhibitors. The first step (30-35 m V) elicited the
immediate rapid inward INa which was abolished by complete replacement of Na
with choline chloride and reduced by the local qpqgg’(bfe_figgi‘%ylocaine and procaine.
The second step further décreased Em by 20 mV and elicited an&fher inward ch{e?ﬂ’
which varied in magnitude with [Ca]o. This current was selectively and almost
completely blocked by the agents verapamil and D=-600 (a methoxy derivative of
verapamil) and restored by increasing [Ca] o in the bath. This stody, therefore,
elegantly demonstrated a means of blocking selectively the influx of external Ca
activated by depolqriza’r“ion and that the inward Na and Ca currenis are inclepenc.iemL .
of each other.

An important characteristic of cardiac muscle fibers is their ability to
spontaneously depolarize, i.e. produce pacemaker po’re’t;fials. The spike
subsequently produced is preceded by a slow depolarization of up to 15 mV in the
frog sinus venosus (Hutter and Trautwein, 1956) and 18 mV in the rabbit heart
(Paes De Carvalho, Mello and Hoffman, 1959). It has been shown that the RMP .
of this region (=61 mV) in rabbit atrium is lower than that (-73 mV) in non-pace-

- maker regions of the atrium (Marshall, 1957) which is consistent with a relatively
high Py

clamp studies of Vassalle (1966) confirmed that during the slow depolarization

o OFs more likely (Noble, 1962 a), a relatively low PK. The voltage -

preceding the AP (diastole), ro steadily increcses; which is consistent with earlier
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studies showing that pacemaker activity is probably due to a time -~ and vaage -
dependent decrease in Iy and finally, a voltage - dependent increase in gN as
the threshold is approached (Noble, 1962),

c)  Smooth muscle v

The technical and theoretical difficulties posed by the ultrastructure of SM
cells with reference to a suitable method of stimulation for the measurement of
cable properties has been discussed above. Additional problems.due to structural
arrangements are met when cn‘f‘empfing to record potential transients and ionic currents.
The fibers of most SM's are branching and intertwining with each other and inferwoven
fo various degrees with connective tissue, making it difficult to interpret current
spread and mechanical responses. The cells are very small so that microelectrodes

must be employed which have a very small tip diameter { < 0.5 u); moreover these are
easily dislodged by mechanical activity. Also, the thickness of the tissue and the
presence of substantial amounts of connective tissue result in diffusion limitation to
substrates, 02 and chemical agents. The taenia coli of the guinea - pig, however,
a longitudinal intestinal SM, has proved to be a suitable model for electrophysiological
work because the muscle is relatively thin and the fibers are parallel and.
- relatively free from connective tissus (Burnstock, 1970).

The AP's of 5ponfc1nedusly active SM's such as the taenia coli are characterized
by « rélcn‘ively low amplitude, maximum rate of rise and conduction velocity when
compared to those of nerve and striated muscle (Burnstock and Prosser, 1960b). The
fact that, they are fully propagated however, is consistent with the muscle's
behaving as a single cable (Abe and Tomita, 1968)." The spikes arise from pacemakers
which may be localized (e.g. ureter) or distributed throughout the muscle (e.g.
qqsfromfes’rlnal tract) (Burnstock et.al., 1963). Each SM cell of the gasfromfesflnal
tract possesses an inherent rhythmicity, and the net result of many different pace~ '
maker foci is varying degrees of synchrony depending on excitability and cell
interaction (Bozler, 1948; Tomifab ]970) Spikes are found to vary considerably -
asto 1) frequency, occurring smgly, in small groups or in rapid bursts, and 2) wave-

form, being simple spikes which may be followed by a plateau or a positive after -
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potential (Burnstock et . al. , 1963). ' Due to the small size and three - diﬁensional
interconnections of SM cells, it has been extremely difficulf until very recently to
analyze the ionic currents of the AP by voltage = clamping (Anderson ef . al. , 1971).
Studies have therefore been limited fo measurement of voltage transients either |
intracellulary (microelectrode) or extracellularly (sucrose gap) in the presence of
different exfema! concen’rrc’ricns of physiological co’rfons and anion§ (Bulbring and
Kuriyama, 1963q; Brading e’r al.. 1969b; Kuriyama, 1963q; Ho\man; 1958; Marshall,
1968). The results have been very difficult to interpret due 1) to the unknown
effects of the replacement ion (discussed below), 2) fo fhe lack of accurate
simultaneous measurements of changes in - during microelectrode measurements, -
and to the lack of undersfdndmg regarding the overall roles of Na and Ca.
As in other excitable tissues, sponfcneously active SM's (visceral, uterine
- and ureter) upon depolarization, develop a transient inward current followed by a
late repolarizing current as observed by voltage clamp technique (Kumamota and
Horn, 1970; Mironneau, 1974; Kao and McCullough, 1975; Vassort, 1975). The
current - voltage relations of these currents also resemble those of other tissues,
~and, the resuHs of Na - replacemen’r suggest that Na may be the main current =
carrying fon for fhe AP The amph’rude of the spon’roneous spike of the guinea -
pig taenia coli is reduced when [Na] o is reduced below 20 mM and abolished in
the presence of 2 mM Na (tris replacement) or 10 mM Na (sucrose replacemenf)
(Holmdn, 1957, 1958). The rafe of rise however, was confirmed to be more
dependent on [Nc] than the dmph’rude (Bulbring and Kuriyama, 1963aq).
pregnant rat myometrium, partial substifution of Na C! with sucrose causes a
reduction in the spontaneous spike height of 45 mV per tenfold change in [NOJ o
(Goto and Woodbury, 1958). The importance of Na for the pregnant uterus was
“supported by the similar data of Marshall (1963) for the rat and by that of Kao
(1967) for the rabbit. The findings of Keatinge (1968) indicate that the AP of the
sheep carotid artery has a prominent Na component. This contention is also
supported by voltage - clamp studies (Anderson, 1969; Anderson et . gl_, 1971)
who observed a great reduction of the initial inward current (la) in Na - free

solution alongwith a shift of the reversal potential of this current (Ea) and
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disappearance of spikes. It might be noted in this regard that a Ca currenf was also
observed, but [Ca]o and inhibitors of Ca currents had greater effects in controlling .
the voltage - dependence of the conductance channels; they therefore concluded |
that Na plays a more prominent role in the spike regenerative mechanism. These
observations and conclusions were also supported by the similar findings of Kao and
McCullough (1975). The Na channels in some cases appear to lack épécifici’ry and
thus, in Na - free solution, Ca appears to be capable of supporting the AP. In the
ureter, INa has a slower time course., producing a plateau (Kobayashi, 1965; Kuriyama
ef, _ql., 1967a; Kuriyama and Tomita, 1970). Interpretation of ionic processes
underlying spontaneous spikes is difficult on the basis of data obtained from Na -
deficiency experiments since the pacemaker potential and spike conduction may
also be suppressed (Tomita, 1970). Thus, in Na=free solution (hydrazine substitution)
tension responses can still be recorded in response to electrical stimulation, indicating
that the cells are not inexcitable but that the pacemaker mechanism (i.e. spontaneity)
has failed (Axelsson, 1961 b). It is apparent from the results treated above that the
presence of Na is essential for the production of electrical activity but the bulk of
the available evidence suggests that Ca may be more important in this regard.

Calcium apparently plays a mujor role incarrying the current of the AP.
Ca - deficiency certainly inhibits electrical activity but its effects are nonspecific
due fo the simultaneous alterations in ion conductances which are thought to be
regulated by the presence of Ca. In the taenia coli, Ca - deficie‘ncy causes
depolarization and decreased amplitude and rate of rise of spontaneous spikes
(Holman, 1958; Bilbring and Kuri'ya.ma; 1963a) and evoked spikes (Brading et . gl_., '
1969b). Excess [Co]o causes opposite effects and increases threshold while .
reducing the latency from the onset of the stimulus to the peak of the AP (Brading
et.al., 1969b). In the presence of normal [Na] o complete removal of Ca causes
depolarization, abolishes all activity and reduces r considerably (Brading et . al.,
1969 b). Reduction or removal of Nao restores membrane resistance )
and spontaneous spikes for a short time (Holman, 1958; Bilbring and Kuriyama, 1963a).
However, nearly normal spikes can be evoked and spontaneous activity returns after

addition of only 1/10 normal [Ca] o (Brading et. al., 196%b) '. These effacts are
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more than can be explained by the shif’rs in Em in low Ca and low Na medfa. Similar
evidence is available for the myometrium whose AP parameters are similar to those

of the taenia coli (amplitude up'to 70 mV, clV/dw‘mclx about 10 V/sec and duration

10 - 50 msec) but vary with species and hormonal condition. Both the spontaneous
and evoked spike are followed by a negative after - potential. The height and clV/cH'mClx
are reduced only for [No] o < 1/10 normal (Csapo and Kuriyama, 1963; Marshall,
1965). Kao (1967) has argued that this small effect was due to very slow diffusion

of Noi from a thick preparation, but this suggestion seems unlikely in the light of

Na flux studies (Durbin and Manson, 1961; Goodford and Hermansen, 1961). The
evoked spike is very dependent upon [Cc] o and Ca ~ deficiency has a greater

effect in normal [Na] o than in low Na solution (Marshall, 1965; Abe, 1968, 1971).
- As the foregoing results are difficult to interpret with regard to the actual contribution

of ICq and/or INa' a more specific method is required.

The use of antagonists of Na and Ca channels is a more selective method of
. determining the identity of the active ionic currents. The AP of the taenia coli is
1) sensitive to manganese ion (Mn2+), an inhibitor of Ca influx (Nonomura et . _ci.,
1966; Brading et . _c_J_l_, 1969b; Bulbring and Tomita, 1969c), 2) unaffected by
tetrodotoxin (TTX) (Nonomura et . al ., 1966; Kuriyama et . al ., 1966) which
blocks nerve stimulation (BUlbring and Tomita, 1967) and 3) maintained inCa -
free, Na - free solution by barium ion (Bc12+) which apparently replaces Ca in
carrying the current of the AP (Hotta and Tsukiu, 1968; Bulbring and Tomita, 1968b,
1969¢). Similarly, the AP of myometrium is suppressed by Mn2+ but not by TTX
(Abe, 1970). ' -

An even more direct but technically more difficult method is the voltage =
clamp technique to measure the ionic currents. In the taenia coli, Inomata and
Kao (1976) observed that reduction of [Na] o to 50% of normal or total replacement ‘
with dimethyldiethanol ammonium ion or choline ion fails to cause a significant change in
the reversal potential (EQ) of the early inward current (Ic) or reduce the magnitude
of Iq. Reduction of [Ca] or P the other hand, to 1/4 .or 1/10 of normal shifts
Ea toward negative values and reduces I(J without affecting t he maximum chord

v/ A

cohducfcnce(l )ofl . Also, 5 times normal [Ca:l increases I and ] -
q a o a a
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although Ec is not shifted unless treated with TEA fo reduce the strong outward
rectifying current. Anderson et . al, (1971) showed that in the rcn‘ myometrium I
is grecHy reduced by the Ca influx inhibitors Mn2 , cobalt (Co ) and lan’rhqnum

(Lu ) but is unaffected by TTX, although they concluded that I . was more

important than ICa in the capacity of carrying the inward currenlf\l. Vassort (1975),
however, showed that in the gumeo - pig myometrium, I 1) has o low reversal
potential (E ) of about +20 mV, 2) is unaffected by qh‘erahons in [Na] (sub-~
stitution wn‘h lithium ersucrose) but dependent on [_Ca , and  3) is insensitive
to TTX but inhibited by Mn2 or D~600 (a specific antagonist of depolarization -
activated Ca influx). From these studies it has been concluded that Ca is responsible
for AP generation in the taenia coli and myometrium although a slow inward current
~dependent on [Nq] o has been identified in the’ myometrium (Anderson et.al.,
1971; Vassort, 1975).
Similar evidence obtained by other workers has implicated Ca as the major
AP ~ generating cation in the cat ureter (Kobqycshl, 1965), rat ureter (Kuriyama
t.al., 1967q¢; Kuriyama and Tomita, 1970), vas deferens (Bennett, 1967q; Tomita,
1967q), guinea pig stomach (Sakamoto and Kuriquc; 1970) and rat portal vein
(Daemers - Lambert, 1976). ‘ ‘
The late outward current is primarily carried by K since it becomes inward
[K]o > 120 mM with the potential held ot RMP (Kao and McCullough, 1975;
Inomata and Kao, 1976) and is markedly reduced by TEA (Mekata, 1971; Inomata
and Kao, 1976). Vassort (1975) and Kao (1971) have differentiated between ) «a
fast early outward current, that is blocked by TEA and has a reversal potential of
about -95 mV, and 2) o late outward current that causes delayed rectification.
The fast outward current appears to account for the low amplitude of the AP and
its fast repolarization. This interpretation is supported by the finding that the
amplitude and duration are increased by TEA and condmomng hyperpolarization
which suppress the increase in 9 (Vassort, 1975). Although it will be discussed
at greater length in section C, part 4 Vassort. (1975) has proposed that the fast
outward current is a result of an initial fast Ca influx, which transiently increases

the local [CCIJ at the inner membrane surface, thereby momentarily increasing P,

K*



60 -

This concept has important impliccﬁions in the control of firing behaviour by the
nervous sysfenﬂ, circulating neurohumors and the fonic environment. It should be

also noted that delayed rectification is the only type which occurs in SM. Anomalous
rectification is not observed (Mekata, 1976) even in Na - free, high KZSO4

solution as seen in striated muscle fibers (Adrian and Freygang, 1972). This is
consistent with the lack of tubular invaginations of the surface membrane and the
small amount of sarcoplasmic reticulum in SM (Carsten, 1969).

In conclusion, the spike of most, if not all, smooth muscles is based on
a transient, rapid inward Ca current followed by a delayed outward K current which
repolarizes the membrane. There may also be a slower inward Na current giving a
plateau effect and/or a rapid outward K current which limits spike height. It also
appears that 1) Ca bound or in association with the cell membrane stabilizes mémbrcme
conductance by alter.ing ING and g'K' and activating the regenerative process for
spike generation (Frankenhaeuser and Hodgkin, 1957; Bulbring and Tomita, 1970)
and that 2) Na may compete with'Ca in carrying inward current and in controlling
g ¢ Thus the effect of reducing [Nc] o OonE_ and on the spike is similar to that of
increasing [Ca]o, indicating a competitive interaciion as proposed by LUHgaU ané )
Niedergerke (1958) for frog heart.

Another indication that Ca serves as the major current -~ carrying cation is
based on the distribution and permedbility of Ca. Since the maximum dV/dt of the
AP is determined only by the ionic current (average dV/dt is also affected By
conduction velocity of the AP and several other factors, Kao, 1967), it is a function
of the external concentration of the fon and thus indicative of the nature of the |
ionic current. Consistent with the low dVv/di o (up to 10 V/sec) of the AP of
SM cells is the low [Ca] o and the low membrane permeability to Ca. In addition,
l‘fhé high inward electrochemical gradient for Ca [Ca]o 5 2.5x TO—BM

[Cay, 107 m

(Goodford, 1970) puts Ca in a position to carry inward positive current upon depol-
arization - activated increase in Ca conductance.
It must be stated however, that there is a serious problem in interpreting

the effects of the various agents and ionic alterations discussed above.
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Substitution of various substances for part of the external Na is a drastic intervention
since Na is a major determinant of the osmotic balance of the cell. Some of the
agents which have been used are 1) sucrose, which is nonionic and therefore
reduces the total ion concentration, 2) tris (hydroxymethyl aminomethane) which
has an amino group and is generally found to give toxic effects, 3) lithium which is

Friedman, 197
~ able to substitute for Na in the g pumpiand=4) choline which may have a stimulatory

effect similar to that of ACh. According to the Nernst equation, a decrease in [Nc] o
should make ENq less positive and therefore hyperpolarize the membrane slightly.

After a transient hyperpolarization tris depolarizes the taenia coli, indicating a

toxic effect (BUlbring and Kuriyama, 1963a). When sucrose is substituted, an
eqﬁivolenf amount of Na Cl is reduced so that the effects of Cl-deficiency and
decreased ionic strength must be taken into account. Thus the hyperpolarization

seen with sucrose substitution is likely due to the shift in ENo' but the reduction in
‘[Cl]o would decrease ECI (since sucrose is nonionic and nonpermeant) as well as

g(':'l. This, in turn, would tend to depolarize the membrane (or at least reduce the
hyperpolarization) and increase R v possibly accounting for the greater spike

amplitude (Kuriyama, 1963a, 1970). The lower ionic strength might 1) increase »

- the number of fixed sites in the membrane for Ca which in turn would reduce Pe .

m. (Frankenhaeuser and Hodgkin, 1957),
or 2) reduce the activity of a Na - Ca pump (if present) so that more Ca is -

and PNa discussed below, thereby increasing r

retained in the cell, thereby increasing r and mechanical responses. Furthermore,
the lack of inhibition by TTX is not conclusive since tetrodotoxin - resistant Na

influx has been demonstrated in newt and tetrodon fish muscle (Kao, 1966), barnacle
muscle (Hagiwara et. al., 1969) and ovariectomized, estrogen - primed rat uterus |
(Anderson et.al. 1971). Mn ion has been sHown to partially replace Ca in its
membrane stabilizing action (i.e. shifts voltage - dependence of conductances)
(Hagiwara and Takahashi, 1967) and to reduce the delayed outward K current in

calf Purkinje fiber (Kass and Tsien, 1975). These additional effects, however,.

would not conflict with the interpretation of its primary effect on Ca influx. The
apparent ability of Ba to substitute for Ca may be due to trace amounts of Na and/

or Ca left in the extracellular space'(BUlbring and Tomita, 1970) and/or to a greater
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PCa due to Ba. Since Ba is known fo decrease 9k s and increase r (Bulbring
and Kuriyama, 1963q; Hermsmeyer, 1976), depolarization would be greater and
might increase the number of dynamic Ca channels, depending on their voltage
dependence. Finally, with regard fo the voltage clamp studies (Inomata and Kao,
1976), the failure of high [Ca] o to shift the reversal potential (Eq) of the early
~inward current (I@) toward a more positive value was corrected by reducing the
outward IKwi’rh TEA. Thus it-was concluded that Ea is influenced as much by the
voltage threshold for activation of IKos by the electrochemical driving forces on
Ia. |
The possibility that Ca may replace Na in carrying the charge to generate
the spike only in"low [Na} o can be determined by the application of a specific
. inhibitor of dynamic Ca channeis such as D-600 (Kohihardt et.al., 1972). The
observation that spike parameters, especially dV/dt oax? OT€ increased in high
[Ca]o and then abolished after addition of D-600 would be strong evidence for a
dominant role for Ca in the AP. The role for Ca as a membrane stabilizer will be
discussed af greater length in section C, part 4 below.
Indirect evidence is available that AP's are produced by canine tracheadl
smooth muscle (TSM) in vitro in the presence of cerfain agents, and that they are |
Ca; dependent (Stephens et . gl_., 1974; Kroeger and Stephens, 1975). This

preparation does not normd”y produce any phasic electrical and mechanical activity

in vitro either spontaneously or in response to agents and conditions such as ACh,

high K, Bazf, acidosis, hypoxia or electrical stimulation (Stephens et.al., 1974).
It responds only with a graded depolarization and a fonic contraction proportional
to the strength of the stimulus, and a myogenic contraction (MR) in response to quick
stretch can not be elicited (Stephens et . 9_!_.,. 1974) . Histamine produces increased
tone and slow oscillations of the electrical response which are dependent on | [Ca] o
(Kirkpatrick, 1975). However, spontaneous phasic electrical and mechanical
activity and a MR to stretch are produced in the presence of tetraethylammonium
(TEA) (Stephens et . _ql_, 1974; Kroeger and Stephens, 1975) which blocks 9
(Mekata, 1971). The dbility to produce a MR in TEA is absolutely dependent on
[Ca]o within the physiological range of [Ca:lo (Stephens _e_’r_.‘. al ., 1974) and is
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completely blocked by‘ D-600. Thus it was considered that the MR in the presence
of TEA is caused by stretch - induced depolarization which initiates AP's whose
inward current is carried by Ca ions. The phdsic mechanical activity in TEA is also
abolished by Ca - free solution containing EGTA (a Ca chelator) and by fanthanum
(which inhibits Ca fluxes and depletes the exiracellular space of Ca, Mayer et . al ., -
1972) (Kirkpatrick, 1975). D=600, however, is the most specific Ca antagonist
available (Kohthardt et . _c_zl;, 1972) and the validity of using it is strengthened by
the findings that D-600 1) inhibits K - induced contractions to a greater extent
than ACh - induced contractions, 2) does not inhibit Ca - sensitive ccfomyo‘sin
- ATPase activity and 3) does not inhibit contractions induced by the Ca ionophoré
A23187 (Stephens et . al ., 1974). Thus indirect evidence has been provided that
the depolarization - activated Ca and/or Na currents produced in TSM are masked
by a high resting S+ When this is biocked by TEA, Ca - dependent AP's are seen.

3.  Threshold Phenomena and Conduction

) Nerve
As indicated in the previous section regarding the ioﬁic basis of the AP, the

cable properties are insufficient for information transfer. An AP must be generated

and sustained for the entire length of the tissue (with the possible exception of ! -

muscles with extensive innervation). This function is critically dependent upon the
condition that the current produced by a given stimulus is of sufficient intensity to
_ depolarize the adjacent membrane fo threshold. Current thus flows axially and then

radially through the r and . and back to its point or origin, forming local circuit -

currents (Hermann, 1899). The achievement of threshold is therefore a function of the

cable properties of the resting fiber and is thus current - and time - dependent. It
might be noted that Hodgkin (1937) showed that the depolarization by electrotonic
spread has exactly the same AP - generating effect as the depolarization produced
by a current - passing electrode. .

The probability that a given depolarizing current will produce threshold
depolarization (ETh) and excitation is related to the strength = duration curve
(Hill, 1936). This is the relationship between the strength or intensity and the

duration of a square - wave current pulse just sufficient to excite. For short durations
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the quantity of charge (i x t) required to excite is constant, and the relation is

represented by
= 1
i ] - et/

o0

(22)
where i = pulse strength, ioo = threshold strength when t = oo (rheobase) and k = a
constant (Hill, 1936). The pulse duration when the intensity is twice rheobase is
called the chronaxie and allows compariséh between tissues. This equation, however,
is simplified, in that it assumes a constant voltage threshold (i.e. wunchanging rm),
bu_';L Hodgkin and Rushton (1946) showed that 1) ETh increases as stimulation
duration decreases and 2) intracellular depolarization leads to a falling voltage
described by an error function, not exponential (Noble, 1966). Thus, as a result
of the cable properties, strong currents of short duration 'prr‘é‘c‘{uce depolarizations ”
which fall off more rapidly with distance than depolarizations produced by weaker,
fonger currents (Aldley, 1971).

With reference to depolarization of regions adjacent to the active area by
focal circuit. currents, these currents must first discharge < in order to depolarize

the membrane to E Tasaki- and Hagiwara (1957) have shown that the foot of a

" propagating AP risll: exponentially with a time constant determined by the cable
properties of the fiber af rest and by the conduc;rion velocity éf the AP. As depolari-
zation proceeds, 9INq becomes progressively greater (voltage - and time - dependent),
allowing an inward Na current which produces a subthreshold local potential over

and above the ETP. Depolerization, however, also indc’riva.fes these Na channels
(which repolarizes the membrane) and activates a gradual inérgase in Iy which
accelerates the repolarization. A depolarization, which results in an inward Na
current that is equal to or greater than the outward current, has achieved the thres-
hold potential (ETh) at which the ionic regenerative mechanism takes over to produce
an AP (Hodgkin and Huxley, 1952b). The AP thus produced is independent of stimulus
intensity (all - or - none law) and is fully - propagated while local potentials are -
conducted decrementally (Hodgkin, 1938). The AP's of nerve provide local circuit
currents which depolarize the membrane in front of them, and the stimuli which
produce these AP's (synaptic potentials) produce a depolarization which would be

greater than E., had an AP not been generated. Such “suprathreshold" depolarization

Th



- 65 -

provides the AP with a margin of safety which can compensate for any event (slight
injury, fall in temperature) which could reduce the inward INa and thus the -
amplitude of the AP. Consequently, the production of a propagating AP is dependent
upon a suprathreshold depolarization allowing the ionic regenerative mechanism to
take over and generate local circuit currents.

The velocity of AP conduction is also determined by the passive cable
properties in that it depends on the rate at which the c ahead of the impulse is
discharged to the threshold level. This in tumn depends on the absolute and relative
magnitudes of € and r,as well as the safety margin of the impulse and temperature.
Since velocity varies inversely with the intracellular resistance (_]_____) , it is closely

. :
related to fiber diameter. Theoretically, other factors being equal, propagation
velocity increases with the square root of the axon diamefe;’ (Rushton, 1951;
Hodgkin, 1954). These other factors include specific capacitances and resistances,
time constants of the membrane and foot of the conducted AP and current density

per unit area. If conduction is brought about by local circuit current in o fiber with

cable properties, the conduction velocity (&) is proporfional fo a factor

o = S! . Ja

J2re o IRy " (23)

(Katz, 1948) where S' = safety factor, R'm = active Rm’ and a = fiber rodius.'().x).'

Ve

Conduction velocity ranges from 1150 to 2500 cm/sec in squid axon (Hodgkin, 1939;
Hodgkin and Katz, 1949).

These large fibers and high conduction velocities are far greater than the
norm for invertebrate nerves. Specialization of nerve ultrastructure that occoﬁ_n’rs
for a much higher conduction velocity is also found in vertebrate peripheral axons,
but it is the effective membrane resistance rather than the diameter which is greater.
These axons are very small in diameter (1 - 20 p) but are surrounded at intervals by
accessory cells called Schwann cells which consist of a fatty material called myelin.
The Schwann cells are wrapped many times around the axon forming a tightly -
packed sheath (Robertson, 1960). There are thus no extracellular channels between

~ the axon and myelin except af the interruptions, termed the nodes of Ranvier.
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The myelin acts as a chain of resistances and capacitances in series, and has a much
higher tranverse resistance (160 k ohm cm2) and much lower transverse capacitance
(2.5p F/cmz) ’rhcnj a normal cell membrane. Consequently, the r and c,, are
effectively increased and decreased, respectively. The myelin sheath, therefore,

permits a far greater electrotonic spread with the result that the ETP falls to 1 of its
e

value in 2 = 3 mm rather than 0.5 mm as occurs in nonmyelinated nerves (Davson,
1970). As a result, local circuit current leaves the core conductor anly at the nodes
which become depolarized to threshold. It has been shown that threshold stimulus
intensity is lowest at the nodes (Tasaki, 1953) to which the depolarization - activated
inward currents are restricted (Tasaki and Takeuchi, 1942; Huxley and Stampfli, 1949).
Thus, AP's are produced only at nodes and are conducted much faster than AP's of
“nonmyelinated axons of the same diameter. The conduction velocity AP's of myelinated
fibers is directly proportional to the diameter and may be as high as 100 m/sec in some
vertebrates (c.f.. Davson, 1970). Thus, in nerve axons, two mechanisms based on
ultrastructural modifications are found which facilitate o high rate of propagation

of impulses. With reference to myelinated axons, a large volume of signals can be
integrated due fo a great many axons of small diqrﬁefer transmitting a large number

of signals to higher centers.

b)  Striated and cardiac muscle
The aspects of threshold and propagation considered above for nonmyelinated

nerves generally apply to striated and cardia c muscle fibers. Striated fibers however,
are normally activated by nerves, which terminate in end~ plates or neuromuscular
junctions (Birks et . al ., 1960). An AP will cause the release of ACh from a A
cholinergic nerve ending or noradrenaline from an adrenergic terminal. The
transmitter in turn depolarizes the post - synaptic membrane, initiating an end -

plate potential in twitch fibers that becomes an all - or - none, fully - propagated
spike which activates the whole fiber (Fatt and Katz, 1951). Tonic fibers on the
other hand, depend on simultaneous activation of numerous grape - like endings,

no one of which is capable of inducing a propagated disturbance.

Cardiac fibers display spontaneous myogenic pacemaker activity as discussed
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above. An AP is ini’ri‘afed when the slowly - rising pacemaker potential achieves
threshold (Draper and Weidmann, 1951). Although the regions known as the sino-
atrial (S-A) node, atrio - ventricular (AA-V) node and Purkinje fiber system have their
own thythmicit,, that of the S-A node has the highest frequency and thus acts as a
pacemaker for the whole organ. Activity begins at the 5-A node and spreads as a
wave over both atria to the A=V node and finally along the Purkinje fibers which
ramify in the septum separating the ventricles. Although the activity is fransmitted
across the intercalated discs, conduction becomes decremental at the A~V node,
i.e. the AP is propagated but with diminishing velocity and amplitude (Paes De
Carvalho, De Mello and Hoffmcn; 1959). However, the AP increases in velocity
from 100 10300 cm/sec as it reaches the Purkinje fibers (Hoffman, 1965) .

Although the AP of cardiac muscle fibers is myogenic in origin, ifs rate and
amplitude can be modified by the action of extrinsic nerves. Parasympathetic nerve
fibers (cholinergic) cause hyperpolarization and cessq’rionfof spontaneous activity, . .
‘due probably to an increase in gK (Hutter, 1961). Syrﬁpéfhefic nerves (adrenergic)
cause depolarization and an increase in AP frequency (Hutter and Trauvtwein, 1956).
The electrical activity of the heart is therefore modified in different regions of the
heart by differences in intercellular conduction and individual cell excitability and
is under fine control by nervous influences. |

c)  Smooth muscle

Since SM's have cable - like properties (Abe and Tomita, 1968), it is
natural to suppose that propagation of the spike is brought about by a local circuit
current which flows between active and resting regions, as in nerve. If the relatively
small spike normally seen in SM is initiated only in a single cable (a series of
interconnected cells) which is surrounded by many interconnected cables as already
discussed, propagation can not occur, because the local circuit current spreads in
three - dimensional directions into surrounding cells, becoming too weak to excite
(Kuriyama and Tomita, 1965; Tomita, 19664, 19674). However, spikes generated
simultaneously in many cables can propagate because local circuit current flows
only in the direction of the fiber axis (Tomita, 1966aq; Abe and Tomi’ra-, 1968;
Tomifo? 1967a). Since the density of the local circuit current depends on the ratio

of the active area to the surrounding passive area, it follows that the active response
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shows quite different properties deper;ding on the method of stimulation.

The threshold and spike mechanisms of SM cells are very similar to those of
the other excitable tissues discussed above. The strength - duration curve for the
taenia coli is a simple hyperbola, with a chronaxie of about 20 msec which egrees
well with that calculated from cable theory (14 - 24 msec, Tomita, 1966a). Most
.of the intestinal SM's (especially longitudinal muscles) have spontaneous spikes
which appear to be myogenic in origin. Thus spontaneous activity is observed after
treatment with cholinergic blocking agents (atropine) or adrenergic blockers
(hexamethonium or cocaine) (Bulbring, 1955; Bulbring _e_f_.'_ci., 1958; Bulbring and
Kuriyama, 1963a; Kuriyama et . al., 19670) and also with TTX which blocks the
nerve - mediated responses (Nonomura ef . g_l_., 1966; Kuriyama _e“’r_'. gl_., 1966,
1967¢; Hashimoto fi' 9_1_., 1967; Bulbring and Tomita, 1967; Tomita, 1967q; Ito
and Kuriyama, 1971). Spike activity, however, is influenced by nervous activity
since atropine and TTX modify the sponfaneous spike activity by reducing the slow
changes in E_ (Kuriyama et . al ., 1967¢). -
| The mechomsm of automaticity in SM is still obscure and controversial, but
it is based on slow oscillations of E which may be pacemaker potentials or local
potentials (Holman, 1958; Bulbring and Kurlyama, 1963q; Bulbring, 1955; 1957(:1)
The slow component in the taenia coli usually precedes a spontaneous spike, triggers
it and may persist as a depolarization delaying full repolarization. However, the
. slow component may also appear on the falling phase as a notch or may follow a
spike. Pacemaker activity is voltage - dependent since the slope of the pccemqker
potential, and hence the frequency of the spike, is increased by depolarization
and decreased by hyperpolarization (Bilbring, 1955, 1957a). The rate of rise is a
function of the Em from which they arise (Bol’r-on‘, 1971). It is generally agreed that
the slow potential is dependent on Na but several mechanisms have been put forward
fo explain its production. The finding that the electrical control of small infesfi-ne
was sensitive to temperature, hypoxia, metabolic poisons and inhibitors of the Na
pump led to the suggestion ’rha’r fhis activity results from oscillations of an electrogenic
Na pump (Job 1969; Liu et . al. , 1969; Daniel, 1965). However, slow waves |

produced by carbachol in longitudinal ileal SM persist in K - free solution (Bolton,
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1972). In addition, inhibition of the electrogenic Na pump with ouabain 6r,Nd -
free solution and stimulation by Na injection or admission of K to Na - rich tissues
do not affect the magnitude and time course of the spontaneous slow waves to the
extent expected on this basis (E |-Sharkawy and Daniel, 1975). Na - free solution
rapidly and reversibly abolishes slow waves but not spikes (Bolton, 1971 , 1972;
El-Sharkawy and Daniel, 1975; Bilbring and Kuriyama, 1963d). Since varying

[Klo, [Cl]o or [Ca]o had relatively minor effects on the slow waves produﬁed
by carbachol of acetylcholine, Bolton (1972) proposed that slow potential changes
and the differences in configuration of the AP in various SM's may simply reflect
differences in the relative time courses and current carrying capacities of two
separate regenerative ion channels, one admitting mainly Na for the slow wave and
the other mainly Ca (for the spike). The finding that spontaneous slow wave activity
persisted after spikes and mechanical activity were stopped by verapamil but were
abolished in nominally Ca - free solution indicates that the inward Na current suggested
as responsible for slow wave generation may be dependent on the presence of Cao
(El-Sharkawy and Daniel, 1975). These authors have concluded that the slow potential
may consist of a depolarization phase with initial and secondary components which
produce a rise and a plateau, respeciively. They have demonstrated that the
secondary depolarization is selectively depressed by impermeant anions and sucrose
but not by lithium chloride and less permeant anions. Thus they have suggested that
~ the slow wave results from a transient increase in ING and 9oy the latter with
a slower time course. This proposal is consistent with the observations that replace-
ment of Cl with a less permeant anion usually suppresses spontaneous electrical and
mechanical activity of taenia coli (Axelsson, 1961a; Kuriyama, 1963q; BUlbring
and Tomita, 1969a) and that many factors which reduce the spontaneous activity
reduce [Cl]i (low [K]o, low temperature and hyperosmolarity (Brading, c.f.
Tomita, 1970).

With reference to the origin of spontaniety of other SM prepcrafions; the

sponfdnéous contractions of pregnant rat uterus are ccused; at least in part, by
prostaglandins (PG's), since spontaneous and oxytocin = induced contractions and

PG synthesis are blocked by indomethacin and restored by addition of PG's E2 and



-70 -

de (Vane and Williams, 1973). Pacemaker - like activity fs induced ( or unmasked)
in cat spleen capsule (Bose and Innes, 1974) and guinea - pig vas deferens (Cliff, 1968)
by agents such as cocaine and other adrenergic blockers in the presence of «¢-adreno-
ceptor stimulants. Thus adrenergic nerve endings may inhibit such myogenic activity
in the normal situation.

Every cell may have a tendency to produce a pacemaker potential at random,
but since the AP produced in one cell is too weak to excite other cells and since the
shape of the prepotential is variable, there are probably many cells involved in
forming a pacemaker region (Tomifd, 1970). These cells may be synchronized by
1) achievement of a threshold number or critical mass of cells producing a pacemaker
potential and synchronizing the region, 2) stretch depolarizing a region and increasing
spontaneous activity, or 3) a weak local circuit current stimulating a low threshold
region (Tomita, 1970).

That AP's produced in SM are able to propagate from cell to cell via local
circuit currents and without mediation of nerves was first proposed by Bozler (1938,

1948). His studies, based on data from spontaneously active SM's such as those

found in the ureter, uterus and intestine, suggested that SM behaves as a functional
syncitium since 1) large injury potentials as well as monophasic and diphasic AP's
can be obtained (BUlbring et.al., 1958), 2) stimulation occurs only at the cathode,
'3) cocaine does not abolish excitability or conduction, 4) chronaxie and refractory
phase are much slower than in the slowest type of nerve fibers and 5) the rheobase
is of the same order of magnitude as that of long striated muscle fibers. Further-
supporting evidence for the flow of local circuit currents in a functional syncitium

is given by the findings that 1) conduction velocity is reduced (Nagai and Prosser,
1963b) or conduction reversibly blocked (Barr et . al ., 1968) by increasing the
electrical resistance of the external fluid, 2) conduction through a sucrose gap

can be restored when the shunting resistance is reduced by connecting the chambers
separated by the gap with a low electrical resistance (Barr et. 2!_, 1968) 3) the
time course of the foot of the propagated spike fits the prediction based on the cable
theory (Tomifcx-, '1966b; Abe and Tomita, 1968), and 4) the space constant of the
spatial decdy of the ETP is very similar (Toimifa', 1966b; Abe and Tomita, 1968)

to that of the skeletal muscle fiber (Fatt and Katz, 1951). Since it is assumed that
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r. is more or less similar (200 - 400 éhm cm) in all excitable tissues (Tomifa,_ 1966q,
1969), the evidence presented above may partly be explained by a high r (Abe and
Tomita, 1968) and partly by the suggestion that many fibers, connected in series and
in parallel, are aggregated in bundles of large diameter (Bulbring, 1954) which may
act as functional units (Tomita, 1966a, b). '

The concept of a functional bundle is suggested by the observations that AP's

are not fully propagated (i.e. become graded in amplitude and conduct decrementally)
in bundles of less than 100 u (Burnstock and Prosser, 1960b; Bennett and Burnstock,
1968) or if the tip of an external pressure electrode is less than 100  in diameter
(Nagai and Prosser, 1963a). However, the bundle is not a simple cylinder but
branches out and joins other bundles forming a mesh. Therefore, it is reasonable
fo assume that the geometrical facter of branching produces some complications of -
spike conduction (Noble, 1966; Tomita, 1967a). Thus, the local circuit current of
a spike which propagates along a bundle must excite a larger area at the branching
point. Therefore, the safety factor would be low and the spike more easily blocked
(Tomita, 1969). Normal propagation in SM seems to require a critical amplitude

for the spike. This amplitude depends upon the geometry and excitability of the

region, but conduction appears fo become decremental when the amplitude is v v

reduced to about half the normal amplitude or the membrane is hyperpolarized by
about 10 mV (Tomita, 1967b, 1969). The spike generation in the taenia coli appears
to be both all - or none and graded. One explanation might be that spike size
depends on the number of active cells p&fﬂciquing, but the observation that spon-
taneous spike activity in the taenia coli is abolished in hypertonic sucrose solution
while the evoked spike is only reduced without change in time course argues that
individual cell excitability is the main factor determining AP generation (Tomita,
1966a). This is at variance with the report that hypertonic solution decreased nexal
area and electrotonic coupling between the cells of the taenia coli and abolished
propagated AP's (Barr et . al ., 1968). Increasing L K]o restores the spontaneous
spikes in hypertonic solution (Tomita, 1966a), suggesting that the main factor is
hyperpolarization rather than disruption of cell contacts. Graded excitability of a

single cell would explain 1) the graded spike amplitude produced by intracellular
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stimulation (Kuriyama and Tomifq,b 1965; Kuriyama et . _o_l_l_., 1967q; Bennett, 1967b;
Tomita 1967a; Hashimoto et. f'.l_." 1966), 2) the increase in spike size produced

by conditioning hyperpolarization 3) the graded responses produced by short
current pulses and 4) the fluctuations in spike size during spontaneous activity in
normal solution (Tomita, 1966q).

‘ The conduction velocity of an AP may be slightly different in individual
bundles and may be affected by membrane polarization (Tomita, 1966a). In SM
which evidences fast conducﬁon; the extracellular space is found to be relatively
small, the fibers closely packed and the longitudinal internal resistance (ri + rj's)
of a strip in the sucrose gap is low compared to that of slow - conducting muscle
(Burnstock and Prosser, 1960b; Prosser et . al ., 1960). Thus the conduction velocity
may be related to the number of close intercellular contacts and the distance between.
them. The conduction velocity also depends on the rate at which <, ahead of the
spike is discharged and is proportional to the maximum rate of rise of the AP (Tomita,
1970). The ratio of dV/dfqu to conduction velocity is roughly constant in ali
muscle fibers (120 - 440 m//mm) and represents the maximum potential gradient
along the cable produced by the propagating spike (Tomita, 1970). The fastest
conduction velocity in SM is seen in the taenia coli (6 - 9 cm/sec, Tomita, 1966q;
Abe and Tomita, 1968) but this is only about 1/20 of that of striated muscle
(Katz, 1948). Although SM fiber diameter is relatively small, the A is comparable
to that of skeletal muscle (= 1.6 mm). The slow velocity may be explained by
1) the € of a muscle bundle which may be large owing to the larger surface area
of many aggregated interconnected fibers, 2) o low safety chfor because of the
low rate of rise of the Ca spike (Holman, 1958; Kuriyama and Tomita, 1965;

Brading et . al ., 1969b) and 3) « high chord conductance (Tomita, 1966a).

From the foregoing considerations as well as those of ultrastructure and
current spread in SM, the difficulty of initiating an AP by intracellular stimulation
is evident. Due to the three ~ dimensional interconnections, intracellular polarization
cawes no frequency modulation of spontaneous discharge (Kuriyama and Tomita,
1965) and evokes a spike only occasionally. The spike thus triggered has 1) no
slow component, 2) a graded height, 3) a high threshold, 4) ashort latency
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and 5) a very localized activity (Torﬁi’ra, 1970). According to this idea therefore,
a spike is more easily evoked in a cell with fewer low - resistance connec’rion;s with
- surrounding cells. |

The other explanation given above (spike generation in taenia coli, Tomita,
1966a) for graded responses is the possibility of individual cell excitability. Thus
Bozler (1948) di fferentiated between SM's which display spontaneous phasic electrical
and mechanical activity which he termed single - unit, and those which normally
do not, known as multi-unit SM's. The first group (ureter, uterine and intestinal
SM) also show 1) a myogenic response (MR) fo stretch (Burnstock and Prosser,
1960q; Folkow, 1964; Olsen et . fi" 1967; Biamino and Kruckenberg, 1969) and
2) good cell - to - cell conduction of regenerative electrical activity (Bulbring
et . _c_:'_[_, 1958; Prosser, 1962; Burnstock and Prosser, 1960b) which is consistent
with their sparse nerve supply. Multiunit SM's are stimulated by dense innervation
but the demonstration of a A similar to that of single - unit SM's suggests that the
absence of phasic electrical activity is not the result of a lack of close cell contacts.
An intermediate group (vas deferens, arterial SM) can be stimulated to produce

phasic activity by certain agents which stimulate the muscle directly, suchas high

. K, ACh and.adrenergic amines (Keatinge, 1966; Biamino and Kruckenberg, 1969).. ..«

The importance of K and I for excitability has been demonstrated. in a
variety of studies. It is interesting to note that nonspontaneously active SM's
(e.g. sphincter pupillae, vas deferens) generally have higher RMP's (Burnstock

FORERY

ef . al ., 1963), which would be consistent with a relatively high gK/g . Tomita
: Na

(1966b) has suggested that a low I might be the reason for the low RMP and
spontaneous activity observed in taenia coli (Kuriyama, 1963q; Bilbring et . il_"
1958; Bulbring, 1962). Low rate constants for K efflux have been obtained for dog
carotid artery (Barr, 1961b) and rat uterus (Daniel et. g_l_., 1962) which are also
spontaneously active. It has been demonstrated recently that high K increases I
(decreases rm), lowers Em' and converts bursts of spikes and accompanying contractions
to single spiking and greatly reduced contractions while 802+ reduces g; and increases

the number of spikes per burst and contraction amplitude (Hermsmeyer, 1976).
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Therefore, it appears that a reduction in gK/gNa should produce depolarization,
increased - and spontaneous activity (assuming the presence of dynamic, depolar-
ization - activated ion channels). 4
TEA has been widely used as a tool to block 9k - The effects of TEA on various
preparations fall into two catagories: 1) blockage of the steady state K channel
(time - and voltage - dependent block), characterized by decreosed rectification
and lengthening of the AP duration but no change in E (Tdsakl and Hagiwara, ]957)
2) reduction of resting gy, producing a decrease in Em and an increase in -
(Stanfield, 1970). Plateau - fype AP's are produced in term - pregnant rat uterus
(Kroeger, unpublished observations), rabbit carotid artery (Mekata, 1971) and
sometimes bovine tracheal SM (Kirkpatrick, 1975). Rectification was reduced in all
" studies but - remained unchanged in guinea - pig antrum (Ito et . al ., 1970) and
fundus (Osa and Kuriyama, 1970), guinea - pig rectum (Ito and Kuriyama, 1971) and
rabbit carotid artery (Mekata, 1971). In electrically excitable muscle fibers TEA
increases AP amplitude and maximum dVv/dt (Osa cmd-Kuriyama, 1970; Ito and
Kuriyama, 1971). |
The most inferesting feature of the actions of TEA is its ability to induce

spovn’rvdne'o'L.Js phasic electrical and mechanical activity in multi-unit or intermediate ™
" SM's when other common stimulatory agenfs and conditions are ineffective in this
~'regcm:l (Stephens ef . _a_[., .1974). In rabbit carotid artery (intermediate), TEA
treatment results in depolarization and greatly decreased rectification but no change

nro (Mekata, 1971). This is of interest in that it indicates an effect of TEA on
both resting and steady state I and perhaps on ING* Depolarization normally |
activates I which is reflected in a decline in roe Depolarization is also a result
of a reduction in gk(primary effect of TEA)in which case r is increased. The
fortuitous absence of a change in r may represent an interaction of these two
‘processes, and pOSSIbly an increase in N which might contribute to the absence

of a net increase in Fo In canine trachealis there occurs a marked depolarization
(12 mV), a small decrease in rectification and a substantial increase in r s
evidenced by the increase in A from 1.6 to 2.8 mm (Kroeger and Stephens, 1975).
Similar results were obtained for bovine trachealis but the sucrose gap was unable

to detect a change in r (Kirkpa’rrick; 1975). 1t is clear that simultaneous
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measurement of r is essential to understanding the action of any agent. |
The AP's produced in the canine trachealis by TEA are decremental and have

a low amplitude, dV/dt max and conduction velocity (Kroeger end Stephens, 1975),
Thus, for stimulated AP's, 1) the amplitude and latency depend on the stimulus
intensity and 2) the amplitude and dV/dfmax depend on the distance they are
recorded from the stimulus site. Basal tension is also increased in the presence of
TEA, and the muscle is able to produce a MR to stretch which varies in amplitude
with [Ca]o and is blocked by D-600 (Stephens et . _q__l_, 1974). The eFFe.;f§ of
TEA are also blocked by conditions which decrease membrane permeability, such
as Mg (Stephens E_f_ al ., 1974). Since K permeability is o prominent confributor to
total membrane permeability, polarization and rectification of depolqrizing pulses,

(Casteels and Kuriyama, 1966) a decrease in gk with TEA would be consistent with
these findings. The possibilities were considered that TEA might alter 9| (Lux,1971),
substitute for Na or Ca or labilize ACh from nerve endings. A change in e is
unlikely as a decrease would account for the greater r but would tend to hyperpolarize
the membrane since ECI is less negative than RMP (Casteels and Kuriyama, 1965;

Kao, 1967). The observation that electrical and mechanical activity induced by TEA

. Is critically dependent on the [Ca] o and is blocked by a specific inhibitor of Cd'fn= "~ -

flux (D=600) argues against the second possibility. Also, atropine blocks responses fo
+ electrical stimulation in normal solution but has no effect on activity in the presence
df TEA (Kroeger and Stephens, 1975). Therefore, it is considered that TEA converts
the quiescent, multi-unit frached]iﬁ into a functionally single-unit muscle by reducing
the normally predominant resting Sy thereby unmasking the depolarization -
" activation of Ca and/or Na channels.
4.  Calcium Metabolism
a)  Role in excitation - contraction coup ling
1) Striated muscle
It is generally accepted that in order for any type of muscle fiber to contract,
free myoplasmic C02+ must be raised to a critical level for activation of the actomyosin
filaments. The rapid increase in C02+] i that leads to activation appears to be

governed by 1) the release of Ca from intracellular binding sites and 2) Ca influx
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(Bianchi, 1969). Sandow . (1952) proposed that the AP or depdlarizcﬁon causes Ca
influx which in some way activates the myosin ATPase system. Although this
model is inadequate, available data suggests that intracellular structures are present
which can take up and release Ca as rapidly as is necessary to account for the time
course of activation and relaxation, and that [Cd]i may be raised by several
- mechanisms. Ca influx and release of Ca from the intracellular binding sites may be
mediated by 1) AP's (excitation - contraction or E-C coupling), 2) depolarization
(electromechanical coupling) and 3) drugs (pharmacomechanical coupling) (Somlyo
and Somlyo, 1968).

Many lines of evidence are available which support the hypothesis of
AP - mediated Ca influx in striated muscle.. First of all, Ca is the only physiological
~ cation which causes coniraction upon microinjeciion at low concentrations (Heilbrunn
and Wiercinski, 1947). Net influx of Ca during depolarization and AP's has been
" demonstrated in frog sartorius muscle (Bianchi and Shanes, 1959) and in cardiac
- muscle (Niedergerke, 1959). The duration of increased Ca influx was correlated

with the duration of high K contracture, and substitution of NO,, for Clo increased

the magnitude both of the 1) Ca influx during AP's and high Kilepolcrizafion and
-~ 2) of the twitches and caontracture, respectively. It wos difficult to envision |
however, how the muscle becomes fully-activated throughout its cross - section
during its latent period (Hill, 1949) in view of the large diffusion distance from the
cell surface to its center.” Skeletal muscle contains a transverse tubular system
which is continuous with the sarcolemma (Porter and Palade, 1957; Huxley, 1964)
and which conducts surface depolarization to the interior (Huxley and Taylor, 1958)
where the associated sarcopl asmic reticulum (SR) is capable of releasing (Weber
and Herz, 1968) and binding (Ohnishi and Ebdshi, 1964) Ca. Thus the diffusion
distance for Ca is considerably reduced and in accordance with activation time.

Ih addition, if Ca is the E-C coupling agent, contractile responses to s’rimt‘quﬁon-
should be sensitive to depletion of muscle Ca by equilibration in Ca - free medium.
This has been demonstrated by stabilizing membrane permeability and blocking

excitability with Na - free, choline - substituted Ringer solution; K - induced

contractures show the predicted Ca sensitivity (Frank, 1965).
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Further evidence for Sandow's proposal is given by the observations that
1) the [C02+L reflects the active state and a decrease in [Caz.’il i precedes
relaxation (J&bsis and O'Connor, 1966), 2) the maximal Ca accumulation byv’rhe
SRis well over the values required to account for relaxation rates (Ohnishi and
Ebashi, 1964) and 3) ATPase activity of highly purified actomyosin preparation
is reduced by 85% in the absence of Ca as long as troponin and tropomyosin are
present (Maruyama et.al., 1964). It has also been shown that Ca releases the
inhibition effected by the troponin - tropomyosin complex which normally prevents
the interaction of actin and myosin (Wakabayashi and Ebashi, 1968). Finally, Fuchs
and Briggs (1968) demonstrated that troponin could bind sufficient Ca to activate
contraction. Thus the available data support the hypothesis that intracellular free
. E:az-jreguidfes the activation of muscle and that structures are available o take 'up
and release Ca at the rates required for activation and relaxation. It is generally
accepted that in mammalian twitch striated muscle fibers the initiation of contraction
by a chemical stimulus (ACh) is mediated by the AP which iriggers the release of Ca
from the SR, raising [C02+Ji to the threshold level for activation of contraction
(Sandow, 1965).

The actual mechanism of release of Ca from ihfraée”ular blihding sites
is poorly understood and controversial. At least two such sites have been kinetically
defined and their function postulated on the basis of their association consiant for
binding Ca. Thus the "superficial” store is mobilized by depolarization and depleted
in Ca ~ free solution (Shanes, 1958; Frank, 1965) while the "sequestered store
is resistant to these stimuli but mobilized by drugs (Bianchi, 1961; Edman and Schﬂa,
1962). It is believed that the more labile store represents Ca ions in association with-
the membrane that enter the fiber during a twitch or contracture and are replenished
by extracellular Ca ions (Frank, 1965; LUttgau, 1963).

In twitch muscle fibers Ca release is presumed to occur from the T =
tubular element and terminal sacs (SR) while the functions of the SR are served by
the surface membrane in tonic skeletal fibers and ventricular fibers which lack SR

- (Bianchi, 1969). The [_Efa]i is maintained at a low level ( < 10_7 M) by Ca pumps
(ATPases) in the surface membrane, SR and mitochondria (Bianchi, 1969). The
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sequestered store (s) is thought to be primarily located in the SR though it may also
be located in mitochondria and may be subdivided into slowly - and nonexchanging
fractions (Bianchi and Shanes, 1959). Bianchi (1969) has proposed that Ca release
from the inner dspect of the membrane is effected by depolarization and/or Ca
removal, which increase membrane permeability, thereby allowing a greater Ca
influx and decreasing the association - constant for Ca binding. Certain agents
(EDTA, caffe_'ine) would be able to release Ca without depolarization. Stabilization
is effected by hyperpolarization (repolarization) and/or Ca binding to external
| stabilizing sites and, as a result, myoplasmic free Ca is ‘rapidly sequestered by the
SR (in the twitch fiber) or taken up by the membrane and expelled by the membrane
Ca pump. In summary, it is thought that o small Ca influx is initiated upon depolari-
"zation which releases Ca from intracellular release sites . This field however, is in a
state of flux and d complete review is beyond the scope of this thesis.
2) - Smooth muscle |

The absence of sarcomere units implies some difference between the nature

of contraction in SM and that in striated muscle, but the basic mechanism of

L. 2+, e e T
contraction and the role of Ca™  in ifs activation are fhoughf to be similar in view of

the findings of 1) a microsomal fraction with an abxh’ry to GC?Ung‘él?ch%%r% erg mapngss an analcc%

Carsten, 1969) and 2) a Caz - sensitive actomyosin system extracted from various
SM's (Filo et . al ., 1965; Needham and Williams, 1963). Additional evidence
peculiar to SM are the findings that 1) electrical stimulation causes a relatively
|dr’ge Ca influx (Sunnano andlMiyazaki, 1968; Lillmann and Mohns, 1969), 2) the
current of the AP of most SM's appears to be carried mainly by Ca (Brading et . al .,
196%;- Kuriyama and Tomita, 1970; Abe, 1971; Vassort, 1975), 3) excitatation and
contraction can be uncoupled by removal of surface Ca (Hudgins and Weiss, 1968;
Durbin and Jenkinson, 1961; Edman and Schild, 1962; Bozler, 1969) and 4) the.
cells of SM are small enough and the time course of contraction slow enough
(Stephens _ei. s_l_, 1969) so that C02+ diffusion from the cell surface would be
sufficient for activation of contraction. However, the effects of alterations in

[Ca:l o Oon E-C coupling are difficult to differentiate from the concomitant
alterations in membrane excitability (Marshall, 1965; Bulbring and Kuriyama, 1963q;
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Bulbring and Tomita, 1970). The proB!ém is compounded by the various ways in
which SM may be stimulated (Somlyo and Somlyo, 1968) and the different Ca fractions
involved (Daniel, 1965). |
Due fo the relatively high surface orec/volume ratio of SM cells
(approximately 15 times that of striated muscle flbers) and the small amount of SR,
it is presumed that the Ca release and uptake mechanisms reside predommcn’rly in the
surface membrane. Thus most of the cellular Ca exchanges very quickl.y (1‘]/2 <15
minutes) and SM cells take up much more Ca per unit vo lume and stimulus than do
striated muscle cells (LUllmann; 1970). Various kinetically - defined Ca fractions
have been discerned; the most usual however, are 1 a rapici initial componen;r
thought to rise from Ca in the extracellular space,” 2) a slower component loosely
* bound fo the cell surface and connective tissue and 3) a more tightly bound
intracellular component (Schafzmann; 1961; Sperelakis, 1962; Kroeger and Stephens,
1971). This arrangement is likely to be an oversimplification as SM cells have a
variety of Ca stores and multi = unit muscles have a large amount of sequestered Ca
(Devine et . dl ., 1973). The latter characteristic suggests a decreased dependence

of multi = unit fibers on extracellular Ca (BUlbring and Tomita, 1970; Devine et . al.,

- 1973; Somlyo et. _g_l_., 1971; McGuffee and Bagby, 1976).

Ca distribution and binding is also correlated with the ways in which SM
fibers can be stimulated. The extracellular and loosely - bound membrane Ca stores
are thought to be primcr{ly utilized by AP's (E-C coupling) and depolarization
(electromechanical coupling) by electrical and high = K stimulation (Somlyo and
Somlyo, 1968; Daniel, 1965; Hinke, 1965). A third type of stimulation is
phormaé:omechan,ical coupling whereby certain stimulatory agonists are able to
mobilize more tightly bound Ca in the absence of changes in Em (Somlyo and
Somlyo, 1968). There is considerable experimental evidence to support this idea
but the most convincing is the stimulation of high K - depolarized myomefrium by
ACh or orferlal SM by adrenaline (Edman and Schild, 1962; Hinke, 1965; Evans

l , 1958), It should be also noted that in Ca - deficient solutions the K =
contracture of taenia coli (Imai and Takeda, 1967) and rabbit mesenteric vein

(Som]yo and Somlyo, 1969) exhibits an initial phqsfc response sensitive to [Ca] o
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and a subsequent tonic response independent of [Cojo. These observations suggest
that high K may be also capable of mobilizing some of the bound fraction in these
conditions. It is opparent, therefore, that in investigating the action of any exper-
imental condition which produces contraction, the measurements of flux kiné’rics
and electrical and mechanical responses must be interpreted with caution with
reference to Ca pools utilized.

There is also evidence for the presence of a surface membrane Ca pl'Jmp
which may represent competition for the Na pump. The 2 - adrenergic relaxation
of the pregnant rat myometrium is accompanied by a hyperpolarization thought to be

due largely to an incfeasga in P, and possibly to a small contribution by ¢ AMP =

_mediated stimulation of an eleffrogenic Ca pump (Marshall and Kroeger, 1973;
Kroeger and Marshall, 1973; Kroeger, 1976). In the dog trachealis hypoxia plus
substrate depletion causes an increase in Ca content in normal Ca solution but a
decrease in confent and acceleration of Ca45 efflux in Ca - free solution (Kroeger
and Stephens, 1971). The latter results were taken fo indicate impaired uptake By
intrace!lular binding sites since these conditions were effective when Cq45 efflux
was low andstable, and an increase in tension occurred in association with the
stimulated Ca efflux. The long ( > 400 minutes) half - time for the Ca45 efflux from
the slowly - exchanging compartment in Ca - free solution suggests the presence of
‘a large sequestered store resistant to depletion (Devine ef . al ., 1973). These results
suggest that nofmc”y, the graded depolarizations observed in trachealis produce tonic
contractions which rely to a greater extent on bound intracellular Ca stores. The
~ depolarization and increase in ro produced by TEA may open up additional Ca
channels allowing sufficient Ca influx during the AP to directly activate the
contractile machinery. This hypothesis would explain the functional conversion of
trachealis to a single - unit preparation producing AP's and a Ca - dependent MR
to stretch (Stephens et . al ., 1974; Kroeger and Stephens, 1975).

b) Role in stabilization of membrane permeability

1) Nerve, striated muscle and cardiac muscle
Voltage - clamp studies on squid giant axon and myelinated nerve fibers

show that ion conductances depend on the divalent cation concentration and the pH



-81 -

of the bathing solution in a characteristic way. Huxley (c.f. | Frankenha.eu,éer and-

- Hodgkin, 1957) suggested that the action of Ca on the systems controlling gNa and
9k might be explained by a change of the electric field within the membrane through
absorption of Ca to negative charges fixed on the membrane surface. It was known
that increasing [CGJO raises the threshold, increases P (Cole, 1949) and
accelerates qccomodqfion; while reducing [Ca] has ’rhe opposn‘e effects and
may lead to phasic electrical activity in skeletal muscle fibers (Adrian and Gelfan,
1933). In addition, removal of Ca reduces rectification in squid nerve (Steinbach
g_f_; _c_J_l_, 1944); increases the fraction of the Na carrying system in an inactivated
state in Purkinje fibers (Weidmann, 1955) and can induce the production of an
anode - break response in myelinated nerve fibers (Fraﬁkenhaueser, 1957). The data
of Frankenhaeuser and Hodgkin (1957) showed that for squid giant axon reducing

[Cc:] 1) increases the inward INq and the outward IK’ 2) increases the rate’

of increase of ING and 9k under the cathode, 3) decreases threshold, 4) increases

the fraction of inactive - Na carrying system in the sfecdy state and 5) renders

the axon refractory. The results of a five - fold reduction in [Cc] were equivalent
to those of a 10 to 15 mV depolarization and it was suggested that the Ca in the
immediate vicinity of the membrane ivas important in this regard.

In later studies, Hille (1968) and Hille et . al . (1975) observed a shift
in-the peak INg N myelinated nerve of 20 - 23 mV per 10 - fold change in [Cd:’o
but reported little dependence of steady - state g on alterations in [Cq:,
Mozhayeva and Naumov (1970) however, observed a shxf’r in steady state Sk of +15 .
mYV per 10 - fold increase in [Ca]o. Hille et . al . (1975) have proposed a model
whéreby divalent cations (Ca * and M92+) and protons (H+) are assumed to affect
the surfqée potential either by chemicqll’y binding to the fixed charges(determined
by dissociation constants), or by developing a diffuse double layer and screening
off the fixed charges.(de’rermined by ion valencies), thus increasing the electric
field within the membrane. All effects of varying the cation concentrations are
assumed to be restricted to the outer surface of the membrane, the internal double

layer remaining unaffected. lon conductances therefore, are supposed to be
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controlled by the resulting electric field in the membrane. .

In skeletal muscle Ca (and Mg) affect the threshold of 1) delayed
rectification and 2) contraction in a similar way. The threshold and the steady - state
are shiffed from 8 mV (Constantin, 1968) to 23.5 mV (Dorrscheidt - Kdfer, 1976)

9
K
per 10 - fold change in [Ca] o depending on the nature of the agent used to

inhibit ING® Thus, the nature of the Ca ~ dependence of the contraction threshold

is the same as that of both ING and Iy s and the threshold shifis may reflect identical
changes in surface potential (Dorrscheidt - Kafer, 1976). A causal relationship
between contraction threshold and the threshold of delayed rectification has been
ruled out however (Adrian et . al ., 1969). Dorrscheidt - Kafer (1976) has proposed -

a model similar to that of Hille for nerve but with the fixed negative charges also

. present on the outer surface of the fubular membrane. The ion conductances and

the contraction threshold would be controlled by the electric field in the membrane
resulting from the binding and screening effect of external Ca.

An example of the regulatory effect of Ca on membrane conductance
and potential is given by 'rP;e decreased tension which occurs when striated muscle
fibers are depolarized in high K solution after having been soaked in Ca - free

medivm. It has been postulated this effect is due to the progressive decline in RMP

" in the dbsence of external Ca (Luttgau and Oeﬂiker, 1968). This depolarization,

if sustained for a short time, breaks the link between Em and the contractile
machinery; the muscle remains in a relaxed state, although the membrane is suff-

iciently depolarized to have produced considerable tension had this degree of

~ depolarization been induced initially. The degree of tension which can be

developed when the partially - depolarized muscle (by Ca - deficiency) is completely

depolarized depends on. the degree of the depolarization. This effect is represented

| by a restoration - potential curve (Luttgau and QOetliker, 1968). This and a tension-

potential curve, like contraction and conductance thresholds, are shifted by
alterations in [Ca] o Therefore, in striated muscle fibers, the most prominent
effects of Cco seem to be exerted through its control of Ern

The selective ion permeability of cardiac fibers is also regulated by

Ca as demonstrated by Nayler (1965), who observed decrements of Em of toad

ventricle in association with Ca - deficiency and Ca chelating agents (Chelex - -



- 83 =

100 and ethylenediominetetraacetic acid - EDTA), and subsequent restoration of RMP

by addition of the divalent cations zinc (Zn2+), strontium (Sr2+) and C02+. Cc

also stabilizes the membrane potential against increases in [K]o (Aidley, ]970).

Weidmann (]955) showed that a raised [Ca]o increases the threshold for AP generation

but produces no change in the rate of éponfaneous depolarization in pacemaker regions.

An increased rate was observed however, with lowered [Cc] o the effect

attributable to the reduced threshold. With reference to the Na - activation

mechanisms, the effects of high and low [Cc::' o are similar fo those in nerve

(Weidmann, 1955). ' 5
Recent studies involving the iontophoretic injection of Ca into

individual heart fibers strongly suggest that intracellular Ca plays an important

role in the conirol of surface and junctional membrane cond\ué‘ra‘nce. Intracellular

injection produces electrical uncoupling between canine Purkinje fibers and a

concomitant increase in input resistance (De Mello, 1975). This effect is 1). main- .

tained by injury to the cell membrane and 2) spontaneously reversed by cessation

of Ca injection, the rate of reversal being reduced in the presence of caffeine and

low temperature. These results indicate that the recovery of elecirical coupling

~ after cessation of injection is related to the re - establishment of the low [§q2+] oo

which is normally maintained by active uptake of Ca by the SR (Weber and Herz,

1968) and active extrusion by the surface membrane. Similar studies suggest that

the level of intracellular free Caz+ can affect the gKin cardiac muscle., Ionto-

phoretic injection of Ca into sheep Purkinje fibers led to 1) shortening of the AP

duration which was more pronounced with greater amounts of injected Ca and shorter -

delays between Ca injection and AP, and 2) membrane hyperpolarization

(Isenberg, 1975). These results are consistent with an increase in 9k due to the

presence of elevated [Cazﬂ - The possibility of 9k being increased by the

~ concomitant depolarization by Ca injection was ruled out by the observation that

the shortening of the AP was the same during a voltage clamp. The foregoing

evidence suggests, therefore, that the membrane potential of heart fibers may be

intimately regulated by the control which both intracellular and external Ca

* apparently exert over ion conductances, particularly Ok - It thus appears that an
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elevation in [Ca] o decreqsgs ING bujf increases Iy r accounting for the observed
membrane hyperpolarization.

2) Smooth muscle

The functional state of the smooth muscle cell membrane is also main-
tained by the presence of qu-._ An increase in [CGVJ o hyperpolarizes the membrane,
this (BUlbring and Kuriyama, 1963a; Marshall, 1965) effect being accompanied by
a reduction of - (BUlbring and Tomita, 1968a,b, 1969¢; Btading et . gl_, 1969b). i
A decrease in [Cq]o depolarizes the membrane and increases r except at ‘
concentrations < 0.2 - 0.6 mM at which a decrease in Fo has been observed
(Brading and Tomita, 1968b). Replacement of Nao with tris or sucrose after the
taenia coli is depolarized in Ca - deficient solution causes a repolarization and
restoration of normal - (Brading and Tonwifc, 1968b; Brading et . _c_:_'_, 195%). The-
changes in - at [Ca]o's > 0.6 mM are consistent with an effect of Ca on Y s but
since the depolarization in Ca - free solution is smaller if Na is removed, 9Ng
may also be increased (Brading and Tomita, 1968b; Brading et . _q_l_., 196%9b). There

is apparently little effect on 9y G the same effects are obtained when Clo is replaced

with a less permeant anion (Kuriyama, 1964). It is conceivable that Ca also

- regulates the integrity of the junctional membrane although Tomita (1969) found NO: v

change in the longitudinal infernal resistance (ri +1,) of the taenia coli after at
least 15 minutes exposure to altered Ca solutions,
Excess Cao also 1) increases the threshold for AP production, partly

as a result of the hyperpolarization and partly due to a shift ‘of the firing level
“toward a less negative potential, and 3) decreases the latency between the anset -
of the stimulus and the peak of the spike (Brading et . al ., 1969b). In spite of the
increase in threshold and decrease in R the spike amplitude and dV/dt of the
taenia coli are greater in elevated [Ca] o This may be due in spite of the inhibition
of any depolarization - activated increase of gNa and/or to the ability of the
(assumed) activated Ca channels to admit sufficient Ca to overcome the opposing
affects on threshold and P On the other hand, the presence of spike activity

in nominally Ca - free solution (BUlbring and Tomita, 1970) might be explained

by the maintenance of spike activity by Ca bound to the cell membrane. This site
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may be replenished by an active membrane Ca pump, at the same time maintaining

Pc

in Ca - deficient solution by a membrane store rather than by an extracellular supply

gt high enough level to support AP's. In favour of the idea that Ca is s;upplied

are the observations that 1) abolition of the spike by removing Cao is much slower
than the loss of Ca by diffusion from the extracellular space (Brading and Jones,

1969), 2) the effects of Ca ~ depletion are highly temperature dependent (Brading -

et . _oi.-, 1969q) and 3) the effects of Ca - depletion are modified by the presence

or absence of other ions (Bilbring and Tomita, 1970). Thus membrane potential and
resistance are maintained in Ca - deficient solution by Mg (Kuriyema and Tomita,
1970) and abolition of AP activity is faster in the presence of Mg than in its absence
(BUlbring and Tomita, 1970). This latter effect may be explained by a competition
between Mg and Ca for membrane sites (Goodford, 1967) and the fact that Mg
can not replace Ca in carrying the inward current of the spike (Kuriyama and
Tomita, 1967). ‘

Additional evidence for a membrane Ca store is the finding in barnacle
muscle fibers, which produce o Ca - spike, that 1) the spike amplitude is related

to the amount of Ca adsorbed at the membrane rather than to [Ca]o, and 2) that

~ divalent cations bind competitively with the same membrane sites as Ca (Hagiwara., . ... .. .,

and Tokahashi, 1967). With reference to SM it has been suggested that the reduction

~ of ionic strength by replacing Na Cl with sucrose may increase Ca adsorption at the

membrane and potentiate the stabilizing action of Ca (Tomita, 1970). Evidence in
this regard is the observation that exposure to pure sucrose solution, although a
drastic shock to osmotic regulation, increases the binding of Ca with the result
that subsequent removal of Ca from the tissue is very slow (Sparrow et.al., 1967).

It appears that the most important interaction at the membrane is that
between Ca and g’-K. From measurement of radiocactive 45ch efflux Goodford (1965}
tentatively deduced that the amount of membrane Ca might be modified by competition
with K, as these both serve as extracellular counter-cations to the fixed negative
charges. In view of the evidence for the stabilizing ability of Ca it is more like|’y
that Ca controls 9k - It has been postulated (Tomh‘d, 1970; Tomita and Watanabe,

1973) that an increase of Ca at the inner layer of the membrane increases gy s O it
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does in heart muscle (De Mello, 1975; Isenberg, 1975), and that active removal

of Ca from the cell reduces I - It is observed that in taenia coli, in high [Cq] o
or low [Na] o the amplitude of the ETP decreases due to high [Ca] ; (Tomita and
Watanabe, 1973). Thus it is apparent that gy may be cantrolled by Ca on both
sides of the membrane. This mechanism in turn should provide for a very sensitive
contro! of Em and rm'.

Another aspect of the interaction of Na, K and Ca is the possibility

“that the value of ch/gK has o strong influence on the activation of Ca channels.
The depolarization of the rat hepatic portal vein produced by high K solution
increased 9K which was reflected in a lower P and which suppressed electrical
ond mechanical activity (Hermsmeyer, 1976). These effects were reversed by BGZ+
which reduced 9y, and it was concluded that the spike pattern depends at least in

part on the combination of effects of 9y and Em. Similar findings have been reported
with the application of procaine (Kurihara, 1975) and TEA (Mekata, 1971; Kroeger
and Stephens, 1975) which also suppress g’K’ and produce, or pofentiate, phasic =~
electrical and mechanicc! activity as discussed above (section 3). Furthermore,
Vassort (1975) has recently adduced a very rapid and sensitive interaction between

the inward Ca current ahd 9 in the myometrium. The muthor has identified o fast
outward K current in addition to the delayed rectifying IK. This rapid outward

current is characterized by 1) rapid inactivation, 2) partial inactivation af the
RMP, 3) reversal of inactivation by conditioning hyperpolarization and 4) inhibition

by TEA. This current normally coincides with the inward I g and is responsible for

the fast repolarization and low amplitude of the AP. Vassc?rf has thus proposed that the
influx of Ca transiently increases the local [Ca] : at the inner side of the membrane,
inducing a momentary increass in 9 (i..e. a shiff in the K activation curve).
Following this, the I declines due to inactivation and the decrease of the lacal

[Ca] e The results of the study suggested that the 9 activation curve is sensitive
to Em and to the 9Cq activation curve. This transient outward current probably
influences the firing behaviour of SM cells and allows its control by the nervous

system and circulating hormones: any small hyperpolarization would thus inhibit

the electrical activity of the cell.
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In conclusion, if is becéming increasingly apparent that the excitability

of SM's, or lack of it, has a basis in a sensifive interaction between gK and the

[_Cc]. on either side of the cell membrane. The single = unit muscles are spontane-
ously active and this activity appears fo rely mainly on neurohumors and circulating
agents for its modulation (Bulbring and Tomita, 1969a,c) and mainly on external
Ca for the carrier of dynamic current and activator of contraction. Multi - unit
preparations are more dependent on nervous control and likely utilize internal
bound stores of Ca fo a greater extent. The potential for any activation appears fo

be masked in multi = unit preparations by a relatively high resting gy, resulting in

a lower g‘N-a/gK .



METHODS
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A. Dissection

Trachealis muscle was obtained from the cervical tracheae of mongrel dogs
anaesthetized with 35 mg/kg pentobarbital (nembutal, Abboit) injected i.v. The |
dogs were then killed by intracardia¢ injection of saturated KCI solution.

The trachealis muscle (musculus transversus trachece) composes the most dorsal
Idyer of the paries membranaceus which spans the incomplete dorsal ends of the
cartilaginous rings.

Dissection was carried out in the plane of separation between the trachealis
dorsally and the tunica fibrosa of the elastica mucosae trachea ventrally (Stephens,
Kroeger and Mehta, 1969). Separation was easy and the muscl‘e layer could be
dissected out with minimal handling. Care was taken to remove a thin, tough
layer of connective tissue on the ventral side which would impede microelectrode
penetration of the muscle cells. A rectangular strip of muscle approximately 10
mm long in the lateral transverse plane and 3 to 4 mm wide in the craniocaudal
plane of the trachea was cut out and placed in a bath containing Krebs-Ringer
normal solution (NS). The composition of this and other solutions is given in Table
1. It was equilibrated with a 95% 02 - 5% C02 mixture so as to yield a P02
of 600 mm Hg, a PC02

+1° C. Dissection time averaged 20 minutes and the muscle was kept moist during

of 45 mm Hg and a pH of 7.40, at a temperature of 37°

this time.
B.  Apparatus

Stimulation and recording was carried out in a plexiglass bath whose design
was modified from that described by Abe and Tomita (1968) (figure 1). The bath
~ consists of an outer, water-filled jacket for temperature control and an inner
muscle chamber. Incoming solutions enter both ends of the inner chamber via
rubber tubing coiled in the outer chamber for temperature equilibration. The
‘inner chamber contains 2 Ag - Ag Cl stimulating electrodes, one at one end and
one in the center. The central electrode thereby divides the bath into stimulating
and recording chambers which hold about 3 and 5 ml of solution respectively. Both
electrodes are chloride-plated in order to minimize polarization. The central

electrode is insulated with Araldite epoxy resin on the side facing the stimulating
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Table 1

Composition (mM) of Muscle Perfusates

NS NS- Low CI Low Cl
TEA TEA High Ca
T EA
NaCl 118.5 118.5 29.6 29.6
Na HCO, 23.8 23.8 23.8 23.8
o Ket 4.7 4.7 - -
. KHPO, 1.2 1.2 1.2 1.2
- Dextrose 5.5 5.5 5.5 5,
Mg Cl, 1.17 1.17 - -
Ca Cl, 2.0 2.0 - -
K,SO, - - 2.3 2.3
Mg SO, - - 1.17 1.17
Ca SO, - - 2.0 6.0
- TEA'CI - - 20.0 20.0 20.0.
Na Isethionate - - 88.8 88.8
Na 142.3 142.3 142.2 142.2
cl 126.37 146.37 49.6 49.6
K 5.9 5.9 5.8 5.8
Mg 1.17 1.17 1.17 1.17
Ca 2.0 2.0 2.0 6.0
PO, 1.2 1.2 1.2 1.2
50, - - 5.47 5.47
HCO, 23.8 23.8 23.8 23.8
Dextrose 5.5 5.5 5.5 5.5
TEA - 20.0 20.0 20.0
Isethionate - - - 88.8 88.8
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~ Figure’6:  Schematic diagram of apparatus for stimulating and recording (described
o in text). - ‘
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chamber and with celluloid on the other side. There is o space between the metal -
and the celluloid for current flow and a small oval hole through which the muscle
strip is passed horizontally. The insulation dnd small aperfure combine to reduce

~ shunting of the current by the solution, thus focusing the current on the muscle

and reducing the stimulus intensity necessary to stimulate the preparation. An
independent pair of Ag = Ag Cl wires are placed in the solution in the stimulating
chamber to monitor stimulus intensity. Solutions were propelled by gravity from
overhead resevoirs. Flow rates were monitored with glass drip tubes and maintained
at about 3 m!/min. Appropriate placement of suction ports maintained the bathing
medium at the desired level in the bath.

After passing the muscle strip through the central stimulating electrode, it
was attached by o loop of braided 3 - 0 surgical silk to & stationary glass hook in
the stimulating chamber. A length of silk tied to the other end was passed around
a vertical pulley and attached fo a Grass FT.03 C force transducer for measure -
ment of isometric tension. The output of the force gauge was balanced by a bridge
circuit and recorded on fape with a Philips Analog - 7 tape recorder,

After mounting, the preparation was slowly siretched until a resting tension
of 0.5 to 0.8 g was mainfained. This procedure dpp'réximafés the optimal length
(Stephens, Kroeger and Mehta, 1969), yielding final muscle dimensions of about
20 x 3.0 x 0.75 mm. One-half to 1 hour was allowed for equilibration in the
normal Krebs-Ringer solution at 37°C. After this period, the muscle was perfused
with 20 mM TEA solution which invariably caused a dramatic rise in baseline
- tension after a delay of 3 to 5 minutes. When the tension had stabilized, the
microelectrode experimenis were begun.

Microelectrodes were pulled from glass cdpillcry tubing (0.8 mm O.D.) using
a David Kopf two-stage vertical puller. Coil temperature and pull were adjusted
so as to produce tips of no greater than 0.5 micron O.D. with shanks of fairly sharp
taper to lend greater physical strength. The electrodes were then placed in a
beaker of freshly - filtered 2 M KCI which had just been heated to boiling temper-
ature. Finally, the beaker was placed in a vacuum chamber for 1/2 hour to boil

and fill the electrodes under reduced pressure. Microelectrodes were occasionally
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checked microscopically for adequai'e configuration (tip invisible under x 600
magnification) and for complete filling without bubbles. For subsequent use

each microelectrode was mounted ona 1 cm Ag ~ Ag Cl wire soldered to a 6 cm
length of thin, flat, Z-folded foil. This in furn wes mounted on a WPI electrode
holder clamped to an X-Y-Z micromanipulator. The output was connected to a
WPI 750 high impedance, direct-coupled amplifier whose output was recorded on
‘tape. The circuit was completed by a salt bridge (2 M KCI stabilized in agar)
indifferent electrode posmoned in the recording chamber and connected to the
amplifier ground input. Dynamic calibration of the sys’rem was effected by a
Bioeleciric Instruments Inc. CA5 calibrator in series with the salt bridge and
amplifier. Af’rer positioning the "floating” elecfrode above the muscle it was
lowered into the solution. Precise posmomng was facillitated by a vernier scale
on the micromanipulator and by a metric scale parallel to the muscle strip. The
microelectrode was then checked electrically for high impedance (inversely
proportional to tip diameter) and used only if > 10 megohms. The possibility of a
drifting baseline due to polarization af the metal = KC! junction was minimized

by chloriding the elecirode wire before use. The "floating” assembly prevents
contraction _ induced extrusion of the microelectrode, thus allowing sxmulfaneoﬁs
recording of electrical and mechanical activity (Marshall and O'Brien, 1967).

Stimulation was effected by a Grass S-44 constant voltage (output R = 250

ohms) stimulator whose output was isolated from ground by a WPI photon-coupled
isolation unit. The two electrodes monitoring stimulus in%ensify were connected fo
the differential 6m§|ifief of a modified Tekironix dual beam oscilloscope, whose
output was also recorded on tape. A sync. signal for oscilloscope triggering was
recorded on another channel while the fifth input was short - cnrculfed for flutter
. compensation. The outputs of the first four channels were connected fo a flutter
compensation unit (bandpass 0 to 500 Hz) and then displayed in parallel ona
Tektronix dual-beam oscilloscope and a Gould Brush 2400 pen recorder. Membrane
potential and stimulus intensity were calibrated with the dynamic calibration unit.
Al recordings could be played back and displayed.on either the Brush pen recorder

or on 35 mm, high speed negative film with a Nikon-Kohden camera mounted on the



oscilloscope. All experimentation was carried out within a shielded room.
C. Protocol
1.  Effect of Cl reduction on o
The amp!itude of the AP can be increased simply by an Ohm's Law function
due to passage of a cénsfcm’r current across an increased Mo (Csapo and Kuriyama,
1963). It has been shown that changes in cell cable properties are most effectively
“studied by measurement of the spatial spread of the electrotonic potential (ETP)
elicited by extracellular stimulation (Tomita, 1966 o; Abe and Tomita, 1968).
After a microelectrode proved to be suitcble for use by an impedance check,
it waos positioned along the central longitudinal axis of the muscle at a distance
of 2 mm from the partition electrode. The electrode was lowered cautiously until
small amplitude electrical activity signaled contact with the muscle surface. Cell

impalement was effected by manual table tapping, since a high velocity, small

amplitude thrust minimizes membrane trauma. The criteria accepted for successful .. ... .

impalement were 1) an instantaneous increase in negative voltage, 2) voltage
achieved held steady for at least 10 to 15 seconds, 3) upon withdrawal of the
electrode the initial zero baseline was regained and 4) elecirode impedance was
unchanged.

When a successful penetration was thought to have been achieved, hyper-
polarizing square wave pulses of four amplitudes ranging from 15 to 100 mV/cm
(see figure 8) were applied at a frequency of 0.3 hertz. This frequency allowed
sufficient time for any active anode-break response to occur and for the resting
membrane potential (RMP) to be regained, while a pulse duration of 0.6 to 1.0
second permitted the ETP's to reach steady-state amplitude. The rectification
seen in response to depolarizing stimuli in normal and TEA-containing solutions
have been reported previously (Kroeger and Stephens, 1975). If a recc;rd was
obtained with stable membrane potential, negligible stimulus arfifccf (due to
incomplete penetration by microelectrode) and return to baseline upon withdrawal
with no change in electrode impedance, the electrode was advanced to distances
of 4 and 6 mm and the steps repeated. When satisfactory records were obtaire d
in the TEA solution (NS-TEA), the muscle was equilibrated for 1/2 hour in Cl -

deficient TEA solution (see Table 1) and measurements af 2, 4 and 6 mm rebecfed.
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A concenfration of 20 mM TEA was chosen for these experihen’rs as it lies
midway along the dose-response curve for TEA and trachealis. To make Cl -
deficient solution, seventy-five percent of the Na Cl was substituted equimolar
with Na isethionate, o less permeant anion, producing a net Cl concentration of
49.6 mM, 33% 61‘ that in the narmal solution.

2.  Effect of Ca and D-600 on AP's

The main purpose of this study was to elucidate the role of Ca in carrying

the current of the AP in the presence of TEA. The presence of Ca is a prerequisite

for electrical and mechanical activity in most types of muscle, including TSM,

as well as for stabilization of resting and active membrane conductance to various

physiological ions. Consequently we wished fo 1) analyze the contribution of

~ Ca to dynamic voltage transients devoid of an electrotonic component but 2) still

obtain measurements of changes in rm throughout the experiment. Trains of anode-~
break excited AP's at a distance of 4 to 6 mm from the stimulating electrode fitted
this ekpefifr;é'rimf&:l d‘e‘s‘i-gn qb'ife qdec{dqfely. .Récérd‘iﬁg at this dis funcevwould also
tend to eliminate all but fully-conducted AP's,

Upon reinsertion of the microelectrode into the muscle cell at 6 mm in Cl -
deficient TEA sdluﬁon, pulses of 20 to 30 mV/cm (see figure 15 ) at tie same
frequency as stated above were applied to the muscle strip. When the RMP and
active responses were stable, the bathing medium qu. switched to Cl-deficient
TEA solution containing 6.0 mM Ca. The spikes usually required about 5 minutes
to exhibit the full effect of the intervention. When a plateau in spike amplitude
and/or rate of rise (dVéf) was opserved, D-600, a specific antagonist of dynamic
Ca channels (Kolhardt et . al ., 1972) was applied to the bath to yield an initial
bath concentration of about 10_5 M.

D. Analysis
: 1. Evaluation of ¢changes in -

In order to relate changes in ETP's to changes in r.  during the action of
g 9 m

| Cl-replacement, cable theory was applied (Hodgkin and Rushton, 1946; Fatt and

Katz, 1951, such that



However, several investigators (Abe and Tomita, 1968; Ohashi, 1970) recorded at
very small distynces (A < 0.5 mm) from the stimulating electrode,; therefore’

simplifying the above equation to
2 '

e

This simplification can lead to large errors due to simulianeous changes in r and

A . Increasing x to values greater than A (necessary in this study since high
surface tens ion at the partition made positioning the microelectrode very difficult)
will increase this error. Consequently, changes in ., Were estimated as described
" by Kroeger and Marshall (1973): assuming that s (internal plasm resistonce) is
not affected by Cl-substitution, then
r;'m =( )\')2 and A= A n'm
A
Let A =r'm , then N=x A and

r

r.
m

(_\\{/_’_) 2 =A (exp(—x//\j—'&- ))2

S5T=/n 71 ( 24)
Equation 24  was solved graphically for A by plotting the numerical value of the
right side of the equation as a function of A. The value of A, from the graph, that
satisfied equation 24 is the estimate of r lm '

v
m



RESULTS
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A. Effect of Cl-replacement on the Electrical Activity of TEA-treated TSM.

1. Spontaneous spikes '

The electrical activity in the presence of 33 mM TEA - containing normal
solution has previously been shown (Kroeger and Stephens, 1975) to consist of
small, slowly-rising AP's discharging at low frequency in a one~to-one relation
with individual twitches. Furthermore, these spikes are conducted slowly and
decrementally. These findings are consistent with a potentiation of - due to
a reduction of gKby TEA, and it was felt that decreasing the normal Cl leakage
current would serve to increase v even further. This action should in turn result
in greater ETP and AP amplitudes. Preliminary experiments provided positive resulfs
as evidenced by the train of spontaneous spikes shown in figure 7. Partial replace-
ment of external Ci with isethionate produced'd‘ transient depolarization (repolarizing
within 15 minutes) and approximately a 60% increase in spike height as well as
stabilization of frequency. This, then, provided us with a good model with which
to test the hypothesis that Ca is an essential physiological cation for carrying the
current of the AP and for activating contractile proteins in the presence of TEA.

* The problem still remdined, however, to determine whether or not the augmented
electrical activity in response to the reduction of 'IC""was due solely to an
increment in r, orfo additional Ca current activated upon depolarization. It was
decided, therefore, to determine the relative contribution of the change in - by
measuring changes in the amplitude, and consequently, the spread of the ETP. |

'2. Electrotonic potentials

Since the height of the steady-state ETP elicited by extracellular stimulation
is directly proportional to r » measurement of changes in ETP amplitude provides
the most accurate estimate of changes in P The ETP produced by hyperpolarizing
(anodal) current was recorded at three distances from the site of stimulation in the
normal and Cl-deficient TEA solutions. The protocol was chosen because the spatial decay
of the ETP has been demonstrated in this (Kroeger and le hQ‘lnns"§élyﬁl)ezr%%J StFer smooth
muscle preparations to be an exponential function (given by a straight line on a
semilog plot). The longitudinal potential field was considered to be the current

axis, assuming that the current infensity flowing through the tissue was proportional
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Figure 7. Effect of reduction of le] from 146 to 50 mM (isethionate
~ substitution) on a train of spom‘aenous AP's in the presence of

33 mM TEA. _
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to the applied potential field (Abe and Tomita, 1968). Recordings from a typical
experiment are shown in figures 8 and 9 and means from seven experiments are
presented in Table 6. The effect of the Cl - substitution was to increase the
amplifude of the ETP by 43% at 2 mm and by 51% af 4 mm boi‘h. highly significant
at P <0.01 by factorial analysis of variance: For each experiment the ETP _
amplitude was plotted for each distance and solution as a function of the stimulus
intensity. Figure 10 shows such o typical current - voltage (I - E) relationship while
mean plots from 7 experiments are plotted in figure 11. Note the linear relationship
between the ETP amplitude and increasing stimulus intensity, signifying the absence
of rectification due to alterations in membrane permeability as observed in the
depolarizing direction (Kroeger and Stephens, 1975; Abe and Tomita, 1968).
Thé data obtained in the control solution were reploited on a semilog scale (Figure
12) which graphically represents the spatial decay of the ETP. The mean data points
were joined by siraight lines on the assumption that the decay was exponential. The
length constant (% ) calculated from the decay in control solution was 3.05 mm
which shoWé fair agreement with the value of 2.8 mm obtained by Kroeger and
Stephens (1975). Acceptable data was not obtained in low Cl - TEA solution with
which to plot the spatial decay and derive ‘
3.  Evaluation of the Change in ‘rm S v 7
Other workers (Abe and Tomita, 1968; Ohashi, 1970)have been dble to
record transmembrane potentials with microelectrodes placed immediately next to
the stimulating partition, and consequently have used a simplified form of the
cable equation (see Methods) to calculate the actual change in Foe T he high
surface tension present at the stimulating partition in this study made impalements
at less than 1.0 mm with the floating microelectrode virtually impossible. There -
fore, a graphical solution (Kroeger and Marshall, 1973) to the unmodified cable
equation was employed. Substituting a value of 3.05 for A4 and hypothetical

V

values for A, a plot of(_\i_:) 2 versusr'  was calculated for distances of 2 and

T
m

4 mm as shown in figure 13. From this graph values for _r'm of 1.59 and 1.45

—

r
m
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10 sec

Typical recording showing the effect of Cl - deficiency on the
amplitude of the ETP. Panel a - hyperpolarizing square - wave
stimuli (upper trace) and resultant ETP's (lower trace) in 146 mM Cl-
TEA. Panel b - same as panel a except recorded in 50 mM Cl -
TEA (isethionate substitution). Note active transients produced by
anode - break stimulation.
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Figure 9.
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Effect of Cl - deficiency on the amplitude of the ETP; typical
recordings with expanded time base, superimposed. Panel a -
square = wave stimuli and ETP's in 146 mM Cl - TEA. Panel b -

same as above in 50 mM Cl = TEA.
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Table 6

Effect of Cl - deficiency on Steady - State

ETP amplitude and F

ETP Amplitude (mV)'

2 mm 4 mm

NS - TEA (control)
Low Cl - TEA
vl/\/ﬁ .

., bt
rm/rm

37.9+3.137) 19,6 +1.95)

54.6 +6.66 29.3 +4.24
.43+ 1.57%
1.59 - 1.45

13.8 +0,50°°)

19.7 +0.94
1.44
1.29

Means + S.E."'s with number of experiments in brackets.

PAt a stimulus intensity of 100 mV/cm.

f Ratio of ETP amplitude in test (V') and control solutions.

t

* P <0.05
C#x P < 0,01

it Calculated from graphical solution (see Methods and Figure 8).
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mV-cm'
150 100
NS-TEA ——mwm

Low CI-TEA

Figure 10.  Effect of Cl - deficiency (CI =50 mM) on current - voltage relations
at 2 and 4 mm from the stimufating partition, typical experiment.

Ordinate, steady - state e!ecfrofonic potential (mV); abcissa, applied
stimulus (mV/cm).
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!

Low CI-TEA

Figure 11. Effect of Cl ~ deficiency (Cl = 50 mM) on the current - vol’rqge
relations at 2 and 4 mm fromthe stimulating parfmon, mean slopes
of 7 experiments.



Figure 12.
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y 6
2 T 4 , v

Spatial decay of the steady~state ETP in normal solution
confaining TEA; means + S.E.'s of 7 experiments.
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Figure 13. Graphical solution of the effect of Cl - deficiency onr_. Hypothetical

values for rlm/r , experimental distances of 2, 4 and 6'mm and

m ' .
space constant of 3.05 mm were substituted into the equcl’rion(V'/V)2 =
'r_'m/ r[exp -X to obtain graph points. Experimentally -

ATl

' /r
m m

exp —X/x
derived values for (V')” were then plotted to arrive at the corresponding
vV . .

' /r values.
m 'm
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respectively were obtained. Since specific membrane resistance is a rather

uniform physical parameter and the values for !_"m were not significantly

T
m

different, the two values were averaged to yield a ratio for r'm of 1.53 as shown

T
m

in figure 14.
4.  Action potentials
AP's were evaked by anode-break excitation (see figure 9) and means from-
16 experimenis regarding the effect of Cl-deficiency on the AP parameters are
preseni'ea in fable 7. The mean resulis of these experimenis were not significantly
different (P<0.05) from those of the 7 experiments for which resistance measurements
‘were obfained. Maximum dv/df values were calculated by measurements of
maximum slope from pen recordings at high paper speed (expanded time base). The
ionic intervention resulted in the AP height being augmented by 73% (significantly
different from control af the P<0.01 level by the Student's "t" test) and maximum
'olV/clf by 160% (difference significant at the P<0.05 level). These results confirm
the preliminary observations regarding the effect of Cl-deficiency on spontaneous
AP’'s, but also show that a greater - cannot account for the dramatic potentiation
of the dv/d’r of the AP. The relafionship between the changes in - and AP
parameters in Cl~deficient solution is presented in figure 14, ,
B.  The Role of Ca in the Phasic Electrical and Mechanical Activity in the Presence
of TEA |
1.  Effect of high Ca
The myogenic response (MR) of the trachealis in response to stretch could
not be demonstrated in vitro except in the presence of TEA (Stephens, Kroeger,
and Kromer, 1974), but mq)éfbe gn ir?ggifczfnf mechanism in disease states involving forced
respiratory manoevers (Olson | TEA also produces AP's and twitches (Kroeger and
Stephens, 1975) and the magnitude of the MR bears a direct relationsip with the
concentration of external Ca. Therefore, it is believed that the MR may be mediated
by AP's whose magnitude may be regulated by Ca in two ways: 1) by carrying at

Heast part of the inward current of the AP and  2) by controlling membrane
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Toble 7

Effect of Cl - deficiency on AP Height and

Maximum dV/dt

AP

 Height (mV)

AP
CdV/de (mV/sec)

NS - TEA (control) 13.8 _'_': 1 .07(16)
Low Cl - TEA 23.2 +1.79

% of control 173**

95.4+18.38 %
229.6 +53.54

257*

Means + S.E.'s with number of experiments given in brackets.

* P <0.05
** P <0.01



- 108 -

300 -

Percent of | Control

Figure 14,

* %
T,
:B; o i

AP Ht. AP dV
dimax

Effect of Cl ~ deficiency (Cl =50 mM) on r " AP height and
maximum AP dV/dt, percent Qf control values in NS = TEA
(Cl = 146 mM). Mean + S.E. with number of experiments
given by numbers inside bars. *P < 0,05, **P < 0.01.
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conductance properties. To test these hypotheses it is necessary fo show‘an effect
of“high Cao and of a specific inhibitor of dynamic inward ICa on both active
voltage transients and r simultaneously . Consequently, the effect of high Cdo
(6.0mM) on anode - break stimulated AP's and tension was investigated. This
method of stimulation produces hyperpolarizing ETP's which provide a continuous
"measurement proportional fo Foe
Figure 15 shows a typical recording of AP's and mechanical responses in the

presence of Cl-deficient TEA solution containing 2.0 mM Ca which was switched

to one containing 6.0 mM Ca when the activity was stable. It is evident that the
AP was substantially increased in high Ca solution as were the corresponding
twitches. Figures 16, 17 and 18 present the overall results of exposure to high Ca
(included are the effects of D-600 for comparison) . Figure 16 shows the effect of
“high Ca on AP height which was increased by 47% from a mean of 15.6 to 22.4

mV which was significantly different af the P < 0.0, level by paired "t" test.
Figure 17 shows the increase in the mcximuh dV/d of the AP which amounted to
222%, from 69.5 to 185.7 n‘V/ (sngmfsccnfly different at the P < 0.05 level).
Thus, both high Ca and Cl - deflcnency produced a much greater pofem‘mhon of the
rate of rise of the AP than of the height, the former proporhondl to the dynamic
ionic current of the AP. A concomitant reduction in the ETP amph’rude by. 49% a
(P < 0.05) was observed in the presence of high Ca as seen in figure 15. The actudl
change in r wes calculated as before and amounted to a 41% decrease. The ETP's
in figure 15 were dramatically reduced by 2/3, a fall in r, of 58%. There are two
possible reasons for this decline which will be discussed below.
‘These changes in r, in response fo cl’rera’rio}ns’in the availobilli'fy of external

Ca point toward a role for Ca associated with the cell membrane in regulating ion
permedcbility as it does in other preparations (Frankenﬁaueser and Hodgkin, 1957;

Hagiwara, 1966; Kuriyama and Tomita, 1970). However, an even more interesting

- phenomenom can be discerned in the records in figure 15. The regularity of the ETP

and AP amplitudes observed in normal Ca drama’rica“y changed to an alternating



Figure 15,

Effect of high Ca on paced AP's and mechanical responses
(increasing tension represented by a downward deflection);
stimuli delivered hy hyperpolarizing square-wave pulses
which elicited downward = going ETP's and active anode -
break responses, x =4. Panel a - normal Ca (2.0 mM).
Panel b - 6.0 mM Ca. Panel ¢ - representative Tesponses
from panels a and b superimposed with fime base expanded

and Mechanical responses doubled to show phasic nature
more. clearly.’ '
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Figure 16.  Effect of a) high Ca (6.0 mM) and b) D-600 (]0'5 M)
L in the presence of high Ca on AP height (mV). Mean +
S.E. with number of experiments given inside bars,
Shaded bars represent actual mean values while hatched
bars represent magnitude of change. *P < 0.05, **P < 0.01.
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~ Figure 17,

60 - D-600
Ca +

6.0 Ca

Effect of a) hiéh Ca (6.0 mM) and b) D-600 (]0_5 M) in the presence

of high Ca on maximum AP dV/dt (mV/sec). Mean +S.E. with

number of experiments given inside bars. Shaded bars represent mean

“values while hatched bars represent magnitude of change. *P < 0.05.
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rthythm. At the same time the twitches, which reflect intracellular free Ca levels
at the myofilaments, also respond with alternation to the height and dV/dt of the
initiating spikes. Thus it appears that both the activation of dynamic Ca channels
and the permeability to other ions are sensitive to beat o beat fluctuations in intra-
cellular Ca levels. Possible mechanisms are discussed below.
2.  Effect of D-600
Additional evidence for a critical requirement of the AP for external Ca in
TEA - containing solution came with the application of D~600 (an antagonist of
dynamic, depolarization - activated Ca influx) which abolished the MR to stretch
(Stephens, Kroeger and Kromer, 1974). This agent has no independent effect on
ouabain coniracture, Em, cAMP levels, tissue Ca content or actomyosin ATPase
- (Marshall and Kroeger, 1973; Bose, personal communication). Since [Ca+2]i
‘must rise to a critical threshold level for contraction to take place, demonstration
of confraction produced by AP - mediated Ca influx requires first, an elevated back-
ground of Ca influx as evlidenced by increments in AP parameters cnd}ension. | |
Subsequent cessation of the electrical activity together with relaxation after
exposure to a specific antagonist would provide the necessary additional evidence.
In this study D=600 was introduced during a stable train of AP's in the présencé

of Cl - deficient TEA containing 6.0 mM Ca. The initial bath concentration of D—éOO
in the flow=through system was 10—5M, and figure 18 shows a typical result of this
treatment. Inhibition of the spikes, twitches and basal tension was rapid (within -
90 seconds) and almost complete. Although 10 to 20 minutes is required for this
agent to exert its full effect, only the first minute ortwo was recorded since the
major inhibition was produced within this time and the electrode i)ene’rrm‘ion was
difficult to maintain much longer. Figures 15 and 16 show that AP height was re-
duced by 84%, from 24.2 to 3.3 mV (significantly different at the P < 0.05 level

by paired "t" test) and maximum dV/dt by 94%, from 214.3 to 10.5 mV/sec |
(difference significant at P < 0.05). These results, therefore, lend additional -
support for ]’) the utilization of the external (or superficial) Ca pool for the

production of phasic electrical and mechanical activity in the presence of TEA and |
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2) for the activation of a greater inwérd, dynamic Ca current upon depolarization.
An increase in - also occurred during D-600 treatment in 3 experiments as

evidenced by the 66% increase in the ETP amplitude over that in high Ca solution.

This change correlated with a 59% increase in ro The record in figure 18 shows

a substantial augmentation of the ETP, providing further evidence for a regulatory

role for membrane Ca over membrane permeability and a requirement for input of

Ca from external sources. Figure 19 presents the overall percent changes in -

and AP parameters effected by D-600 treatment.
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Figure 18,  Effect of D~600 (]O—SM) on paced AP's and mechanical responses
(downward deflection with increasing tension) in the presence of

50 mM CI-TEA containing 6.0 mM Ca; AP's elicited at break of
hyperpolarizing pulses which produce downward - going ETP's, x =4,
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Figure 19.  Effect of a) high Ca (6.0 mM) and b) D=600 (107M) in the
presence of high Ca onr _, AP height and maximum AP dV/dt.
. Percent of control values measured in 2.0 mM Ca (panel a) and

in 6.0 mM Ca (panel b). Mean + S.E. with number of experiments.
*P <0.05 **P <0.01. B
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A. Effect of TEA and Cl - deficiéncy on Electrophysiological Parameters "

The present results showed that Cl - deficiency increased 1) the amplitude
of the ETP at a distance of 2 mm by 43% and at 4 mm by 51% corresponding to a
mean increase in r of 53%, 2) the height of the AP by 73% and 3) the maximum
dV/dt of the AP by 160%.

1. Membrane resistance

Since TEA produces spontaneous phasic electrical and mechanical activity
presumably via a reduction in g (Kroeger and Sfephens; ]975)’,‘ the present
experiments were designed to fe§f the hypothesis that a further independent increase
inr would potentiate this oc’rivi’ry.. The method of recording intracellularly the
hyperpolarizing ETP's produced by external stimulation was therefore employed as it
provides a convenient measure of r devoid of active responses (Abe and Tomita,

1968; Kroeger and Marshall, 1973).

Previous work undertaken to characterize the smooth muscle of the canine--
trachealis in terms of classical biophysical, ultrastructural and electrophysical
paramefers showed that TEA of the numerous agents fes’red; was the only one which
produced spontaneous, phasic electrical and mechanical activity. In addition, a
decrease in Em and an increase in cell r were observed (Kroeger and Stephens, 1979), -
These observations were consistent with an inhibition of resting gK(S’ranﬁeld, 1970;

Iro et . al ., 1970) which is a prominent contributor to 1) total membrane permeability
(Hodgkin and Horowicz, 195%; Casteels, 196%9a, 1970), 2) Em (Adr~ian, 1956;
Casteels and Kuriyama, 1965), 3) rectification of depolarizing ETP's (Hodgkin and
Huxley, 1952b,c; Inomata and Kao, 1976) and 4) excitability (Hermsmeyer, 1976;
Tomita, 1966b). Thgrefore it was considered that although at rest, ch/g is relatively
high in SM (Casteels, 1970; Inomata and Kao, 1976), 9K of trachealis migﬁf normally
be great enough to prevent any substantial effect of depolarization - activated ING

on Em. The effect of these depolarization - activated channels should therefore be
unmasked by TEA (Mekata, 1971; Kroeger and Stephens, 1975). Since TEA increases
r of frachealis) a further increase in r should produce proporﬁonq”y greater

voltage transients on the principle of Ohm's Law (Kuriyama, 1963q; Abe, 1971),

assuming a constant current across an increased roe
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The significant increase in Fo observed in the presence of Cl - deficient solution
(isethionate substitution) in the present study indicates that 9ci is relatively high
in trachealis as it is in other SM's (Barr, 1959; Durbin and Monson, 1961). In
addition, Cl is not passively distributed in SM but is thought to be actively taken
up by the cell (Kao, 1967; Casteels, 1965); thus ECl
(Kao and Nishayama, 1964). The influence of 91 O Tt Em and electrical

is less negative than Em

activity can be investigated by measuring the effects on these parameters of a
reduction in Ici effected by partial substitution of external Cl 'wifh less permeant
anions (Bulbring and Tomita, 1969; Abe, 1971). The resultant reduction in 9 is
reflected as a greater r (Ohashi, 1970) and thus greater voltage fransients
(according to Ohm's Law) while ECI (and therefore Em) becomes transiently more
positive due to decreased [Cl_]o. Since the anion substitute is less permeant than

Cl, the net movement of Cl is outward which gradually shifts E ., toward (but not

Cl

as far as) its normal resting level. Anion substitutes such as 503 Tor C6H5SOS—

(less permeant) increase the amplitude of the ETP and the membrane time constant .

as a function of the increase in - but SO 2= is divalent and is thought to be

3
slightly toxic, while neither anion is impermeable (Kuriyama, 1963q; Abe, 1971).
Isethionate however, lacks these defects and appears to be the most suitable
substitute for Cl (Kroeger and Marshall, 1973).

‘The theoretically - expected increase in rm‘ effected by Cl-deficiency may
be calculated from approximate values for 9 * 9na 91 For taenia coli this

ratio_has been shown to be approximately 1 : 0.1 : 0.4 (Casteels, 1970). The

equivaleﬁf resistances are thus 1 =1 +1 + 1 = 1.5 and roE 0.66.
r

"m _ " "™Na fcl
With total elimitation of 1

, 1 =1.1andr =0.91, such that the maximuml
m

possible increase would be "m/  =0:91 =1.38, With substitution of 2 of [Cl:)o
| : 3 e

. 'm  0.66
m/r

value of 1.53 obtained in this study suggests either 1) a very high 9| in trachealis

as in the present study, m would be approximately 1.25. Consequently, the
or 2) experimental error. In the latter case it is an error in the right direction since
this value is compared to concomitant increases in AP parameters (see below) in order

to determine the voltate = dependence of dynamic ion channels.
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Although CI - substitution during this study produced significant increases

in the amplitude of the ETP, acceptable records were obtained only at two distances
in each solution, thus making it difficult o calculate reasonable estinttes of the
space constant () ) in the test and control solutions. However, the spatial decay
of the steady -~ state ETP has been shown fo be an exponential function in the
taenai coli (single - unit), vas deferens of the guinea pig (intermediate, Abe and
Tomita, 1968), the pregnant and non - pregnant rat uterus (Abe, 1971) and the

dog trachealis (Kroeger and Stephens, 1975) both in normal and in TEA - containing
solution. Therefore, mean ETP amplitudes ot 2 and 4 mm from 7 experiments were
plotted on a semilogarithmic graph and joined by a straight line for the control
solution (see figure 12). The 3 measured in this way is 3.05 mm which is similar
to that obtained previously (Kroeger and Stephens, 1975).

With reference to an assessment of the method employed for analysis of

changes in P it should be noted that the technique relies on the following
. assumptions: 1) that the muscle possesses cable - like properties, 2) that
junctional resistance remains unaltered during current flow and the action of
agents and ionic interventions, 3) that the current passing through the tissue

is directly proportional to the applied voltage and 4) that this current is
unaffected by reasonable changes in - (Bolton, 1972). Evidence regarding these
assumptions is the following: 1) the spatial decay of the ETP is smoothly exponential
for a distance of many cell lengths (Abe and Tomita, 1968); 2) present techniques
are inadequate to measure rJ directly and accurately, but it appears that, at

least in the taenia coli, r, is resistant to the osmotic perturbations of hypertonic
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sucrose solufion (Tomita, 1966a; Sparrow et . al., 1967) and fo alterations in

[Cq] (Tomita, 1969); 3) any error invoked by assuming direct proportionality
between sﬂmulahng current and applied voltage is very small and can be neglected
(Bolton, 1972); 4)}obove also applies for errors produced by variations .in current
flow with changes in r (Bolton, 1972), although any such error is eliminated when
the amplitude of the ETP is plotted as a function of distance semilogarithmically,
thus eliminating the current factor.

The Abe = Tomita apparatus also has several limitations whose effects must be

kept in mind when designing experiments and analyzing data. These limitations and

‘necessary refinements include 1) maintenance of a constant fissue length (after

equilibration) in order to prevent the superimposition of any myogenic responses

- fo changes in length on those due fo agenis and test conditions, 2) substantial

loss of polarizing current to the bath unless focused on the muscle strip by suitable
insulation of the central stimulating electrode, 3) the necessity of employing a
floating microelecfrode system in order to record Em and tension simultaneously
and 4) the presence of surface tension at the partition electrode which in our

hands prec!udéd recording of Em at distances less than T mm from the partition

~ with the floating arrangement. Since a substantial error may be incurred inthe - . o

event that x is assumed fo be << A and the cable equation simplified by

~ neglecting the term -x/> (Bolton, 1972), the cable equation was applied in its

original form (Hodgkin and Rushton, 1946) to calculations of the increase in -
on the basis of the observed increase in the ETP (Kroeger and Marshall, 1973).

2.  Action potential pdrame’rers »

Since TEA produces an elevation of r in paralle! with the production of AP's -
(Kroeger and Stephens, 1975) it was suggested that TEA, by reducing the resting
O unmasks the ability of any dynamic depolarization - activated Na and/or Ca .
channels to produce AP's (Mekata, 1971). In addition, the ability fo produce a
MR to stretch in the presence of TEA wﬁs considered to be correlated with the
ability of a mechanical stress to depolarize the membrane and produce (or increase
the rate of discharge of) AP's (Burnstock and Prosser, 1960q) .

" In the present mveshgohon, a furfher increase in r, was effected. mdependen’rly
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of that produced in TEA, by reduéing ICI with Cl = deficient solution as discussed
above. The object of these studies was to ascertain whether AP parameters would be
increased by the greater depolarization on the basis of Ohm's Law (assuming «
constant current across an increased rm) or whether additional dynamic ion channels
would be activated and produce even greater increases in these parameters. The
amplitude of the AP was increased roughly in proportion to the increase in r

while the maximum rate of rise, which is determined by the dynamic inward ionic

currént (Kao, 1967)‘, was increased by about a factor of 2 (1 60% ) over the
| . | 73%

increase in the ampli’rude; This data therefore provides evidence for additional
current being provided by depolarization ~ activated ion channels in Cl = deficient
solution. It has been sugéested (Anderson, 1969) that membrane leakage - current
(predominantly ICI) may reduce the ability of the active transient current to
depolarize the muscle.- Therefore, it appears that such a significant voltage -
dependence of the dynamic ion channels may afford the muscle o considerable

| sensitivity to changes in its ionic environment and, more important, to the influences
of nerve - mediated and circulating neurohumors (Bilbring and Tomita, 1969q).

‘The importance of gy to SM activity generally is indicated by.saveral findings: - -
similar to those regarding the actions of TEA on F and sponfaneous membrane
activity. Tomita (1966b) has suggested that the presence of a low 9y might he
the main factor contributing to a low Em and spontaneous activity. Low K efflux
rates in single - unit SM's such as dog carotid artery (Barr, 1961b) and rat uterus
(Daniel et . al ., 1962) suggested the presence of a low gk in these spontaneously |
active preparations. In the hepatic portal vein, high K depolarizes the membrane
which increases 9k (thus decreasing rm) and converts bursts of spikes and accompanying
contractions to single spiking and aborted contractions; Bd2+ reduces 9k and
“increases the number of spikes per burst as well as contraction amplitude (Herms-
meyer, 1976). In the taenia coli, adrenaline hyperpolarizes the membrane,
reduces the amplitude of the ETP and suppre‘sses spike acfivify} these actions being
consistent with an increase in 9k (Bulbring and Tomita, 1969a). In addition,

procaine increases r of guinea ~ pig urinary bladder, depolarizes the membrane,
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reduces the maximum rate of fall of the AP as well as the duration, and enhances
spike activity (Kurihara, 1975). Similar effects are obtained with TEA (Mekata,
1971; Kroeger and Stephens, 1975) which is known to inhibit the steady state gK
(Tasaki and Hagiwara, 1957) and the resting gK (Stanfield, 1970). It is evident
therefore, that phasic electrical acﬁvi’ry may be dependent on Iyr both in an
absolute sense (Ohm's Law basis) and for the control of dynamic ion conductance.
B. Role of External Ca in TEA - induced electrical and mechanical activity

1.  Current of the action potential and E-C coupling

The present experiments showed that in the presence of Cl - deficient TEA
’ solution, 1) increasing [Cc]o from 2.0 to 6.0 mM increased AP height by 47%
and clV/ol‘rm(jx by 222% but decreased ro by 41% and 2) D - 600 reduced AP
height by 84% and dV/di'max by 94% in the presence of 6.0 mM Ca buf increased
- by 59%. |

The main purpose of the present investigation was to obtain quantitative evidence
regarding the role for external Ca 1) as a carrier of the dynamic inward current
of the AP produced by TEA and 2) as "activator” of contraction at the myofilaments

or as "frigger” of contraction by releasing sequestered Ca. That the MR to stretch

is critically dependent on [Cc] o and is abolished by a specific antagonist of .. ...

dynamic Ca influx (D-600) provides indirect evidence that the dynamic ionic
current of these AP's is carried mainly by Ca. Thus it appears that TEA converts
the normally quiescent, multi = unit trachealis into a functionally single - unit
SM with Ca - dependent electrical activity. This is of inferest in view of the
findings 1) that other single - unit preparations (visceral -and uterine SM) appear.
fo utilize external Ca for production of AP's (Brading ef . g_l_. , 196%b; Abe, 1971;
Vassort, 1975) and 2) that multi - unit SM's have a large infracellular store of
sequestered Ca resistant to depletion in Ca - free media (Devine Si.gl., 1973;
Kroeger and Stephens, 1971). Consequently, it was of interest to us to define ‘
1) the ionic basis of the AP of trachealis in the presence of TEA and 2) the
relationship between depolarization and activation of dynamic ion conductance.
The protocol involved measurement of the effect of 1) elevated [Ca] o

and 2) D-600 on the height and dV/dfmO|>< of AP's produced in the presence of
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Cl - deficient TEA. Coincidenfdlly, the AP height was increased in 6.0 mM Ca
by an amount similar to that produced by increasing o but the increase in dv/dfmax
was 4.5 - fold greater, indicating a direct correlation between the current of the -
AP and the [Ca]o. This augmentation in the dV/d’rmax is especially dramatic
in view of the 160% increase in this parameter already effected by Cl - deficiency,
~and the decrease in r by 41% in high Cao. Stronger evidence for a predominant

Ca current was provided by the application of D-600 which inhibited this high
. influx to a mere 6% (as indicated by dV/dfqu) of its value in 6.0 mM Ca. The
small component of the AP (2 to 3 mV) remaining after D-600 treatment may

represent 1) a small Na component, 2) a D=-600 - resistant Ca component

(BUTbring and Tomita, 1970; Kohlhardi et . al ., 1972) or 3) an insufficient

time allowed for the agent to exert its full effect; as-10 to 20 minutes is normally =

required (Kroeger, unpublished observations); this however, was difficult to achieve
since electrode penetration was not maintained for more than several minutes.

The major inhibition however, was always produced within one minute, providing
strong evidence for a major role for external Ca in the AP of trachealis in the

presence of TEA.

The possibility of extracellular Ca acting as-activator.Ca in the present studyis i <o =

was tested hy calculating Ca influx using estimates of membrane capacitance (Cm),

cell surface area, exiracellular space and internal free Ca " concentration
(Marshall and Kroeger, 1973; Hodgkin and Katz, 1949). Assuming that Cm of the -
trachealis is similar to that of the guinea pig taenia coli, 2 - 3 I.xF/cm2 (Abe and
- Tomita, ‘1968; Tomita, 1966), then the amount of charge crossing the membrane
per mV AP is
Q=C .V
mo-6_, 2 . -3
=3x10  F/em” . 10 7V
=3 x 10—9 cc»ulomb/cm2
Since 96,500 coulomb/eq. = 10—5 eq./coulomb, this amount of charge influx is
equivalent to |
_ -9 2 -5 :
Q=3x 10 " coulomb/cm” . 10~ eq,/coul.

=3x 107 eq./cm?
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For a surface area of 6 x 103 cm2/g (Goodford, 1970), the increase in cellular
concentration of Ca is |
Q=3 x 1044 eq..,/cm2 . 6x 103 cm2/g
=1.8x 10—10 eq./9
=1.8x TO eq./kg
The ECS in TSM is roughly 50% (Stephens, unpublished observations) of the tissue
mdss, which therefore doubles the value for ion mﬂux, but Ca2+lons are divalent
so that the approximate Ca influx is 1.8 % 10—7 mol/kg/mV. Assuming that the
" range of intracellular free C02+ fons required for threshold to maximal activation of the myo?:
filaments is 2 x 10—7 to 1.3 x 10—6 mol/g actomyosin (Bianchi, 1969) and that the
trachealis contains 5 mg actomyosin/g wet muscle (Needham and Schoenberg, 1967),
then the’ [Ca ] requxred for activation is 1.0 x 10 = t0 6.5 x 'i() mol Ca/g muscle
=1.0x 10_6 to 6.5 x 10 =6 mol Ca/kg. Therefore AP's of 6 mV should be
sufficient to provide enough Ca influx for direct activation while 36 mV would be
- required for maximal contraction. Consequently, the AP's recorded in NS - TEA
(X = 13.8 mV) and in Cl - deficient TEA (X = 23.2 mV) would be more than
adequate for providing activator Ca.
2.  Membrone stabilization
In the presence of 6.0 mM Ca 1) the ETP was reduced by an amount which
correlated to a mean reduction of r by 41% and 2) o was increased almost to
its orlgmal value seen in 2.0 mM Ca by the action of D-600 in the continued
_presence of 6.0 mM Ca. In one experiment (see figure 15 ) r was decreased by
. by 58% in high Ca solution, suggesting a strong influence of Cc: onr . The
- concomitant hyperpolarization is consistent with an increase in g, as proposed
for heart muscle (De Mello, 1975; Isenberg, 1975) and SM (Tomita and Watanabe,
' 1973; BSlbring and Tomita, 1970). |
. The decline in - observed during the action of elevated [Ca]o may be
explained in two ways. One possibility is that the resistance at intercellular
junctions (r,) is increased directly by the presence of elevated levels of external
Ca or through increases in internal Ca during surface electrical activity as evidenced

" by increased tone. These conditions induce electrical uncoupling as demonstrated
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in Purkinje fibers (De Mello, 1975), and in salivary gland cells (Loewenstein ef . al .,
1967), thus reducing current spread and the spatial decay of the ETP. Assuming,
however, an average cell length of 100 yi and no overlap of cells (Nagai and
Prosser, 1963) ', AP's were recorded at least 600 ce!l lengths from the partition
(stimulating) electrode and exhibited greater amplitude and rate of rise in high

Cdo. These results do not indicate whether r, and intercellular electrical coupling
are altered by elevated Ca levels but it is evident that AP conduction is not
impaired.

The other possible explanation for the reduction of.rm in high Cao is that

membrane Iy is increased by an increase in the local [Ca] at the membrane.

The location of this action may be indicated by the recordings shown in figures

15 and 19 . The amplitude of the ETP is decreased considerably in the presence
of 6.0 mM Ca, suggesting a primary action by Ca at the outer aspect of the membrane .
The stable amplitudes of the ETP as well as the AP and twitch in high Cao change
‘however, . to an alternating rhythm. Immediately after a full, all - or = none spike,
the tension rises steeply and the following ETP is the greater of the two alternating
amplitudes. This ETP (produced by a hyperpolarizing stimulus) gives rise to an
abortive AP which causes only a slight slowing of the relaxation phase. The ne>;1'
ETP is smaller but gives rise to a full AP and a large twitch. It appears that the
onset of the stimulus immediately following a full AP occurs before that AP is
completed. The subsequent production of a small AP suggests that the Ieu is not
sufficiently reactivated to produce a full spike even though r is greater. When
the smaller AP is completed, the next ETP, although smaller, is followed by a

full spike. Application of D-600 increases r and abolishes the alternating ba’rfern.
Although several models may be proposed describing the interaction between
' intracellular Ca gradients and membrane ion conductances (i . resting Iy and
dynamic QCG)' no evidence in this regard is available on which to base speculation.
These data however, suggest an intimate moment - to - moment control of membrane

excitability and in turn suggests the possibility of a regulatory influence by Ca of

sponfaneity in SM.
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It should be noted that measurements of r_ are steady - state measurements. -

The substantial increase in the dv/d’r of the AP in the presence of Ca (discussed
max

above in section B, part 1) might be due in part fo a delay in the activation of 9. *

" However, this event would lead fo an increase in AP duration which was not chserved.
Therefore, it is suggested that the increased dv/d’r is the result of a greater inward
current instead of a change in the temporal relationships of the Ca and K currents.

In conclusion, TEA appears to convert the normally multi-unit canine
trachealis into a functionally single - unit SM exhibiting spontaneous phasic
olectrical and mechanical activity. The evidence presented in this and prevxous
studies suggests that this activity is produced via a suppression of the resting 9
by TEA, allowing 1) the manifestation of dynamic, depolarization - activated
Ca influx and 2) o greater sensitivity to iocal inira - and extracellular Ca levels

and stimulating neurohumors.
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