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Membrane current and potential change during
neurotransmission in smooth muscle
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Smooth muscle cells are electrically coupled to one
another tn a syncytium, and this renders their electro-
physiology during neurotransmission strikingly differ-
ent from that at other synapses. The postjunctional
depolarizing responses of sympathetically innervated
smooth muscle such as the vas deferens, particularly,
the excitatory junction potentials (EJPs), possess in-
triguing properties which for several years have resisted
explanation. A principal issue has been the temporal
relationship of transmitter-generated membrane cur-
rent to the resulting potential change, which seems to
differ depending upon whether transmitter release is
spontaneous or is nerve-stimulation-evoked. Accord-
ingly, smooth muscle electrical properties appear to
change with different patterns of transmitter release.
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Until some years ago this relationship was an area of
uncertainty, firstly because transmitter-activated mem-
brane current could not be measured directly and sec-
ondly because intracellular membrane potential
measurements gave rise to conflicting results. Many of
the uncertainties have now been resolved with refine-
ments in techniques of measurement that have allowed
membrane current time course during neurotransmis-
sion to be estimated. As a result, our understanding
of smooth muscle electrical properties has been clari-
fied and deepened. These developments are outlined
in this review, and it is shown how our comprehen-
sion of neurotransmission has at every stage been influ-

enced strongly by the techniques adopted for investica-
tion.
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THE electrophysiology of neurotransmission from auto-
nomic nerves to smooth muscle has consistently been more
challenging to study than somatic neuromuscular transmis-
sion. To a large extent this owes to the technical difficulties
involved in making electrical recordings from smooth
muscles. It is relatively problematic to record intracellularly
from individual smooth muscle celis, which are just 25 um
m diameter, in contrast to skeletal muscle cells, whose di-
ameters can be 50—150 pm. One requires to use microelec-
trodes with very small tip diameter (< 0.2 pm) and high tip
impedance (50-200 MQ). Further, when operating at these
submicroscopic ranges the recording apparatus is exqui-
sitely sensitive to mechanical vibration. Finally, when re-
cordings are obtained their interpretation in terms of tissue
electrical properties often rests on uncertain ground. This is
because smooth muscle, as outlined below, is a complex
electrical syncytium with cells interconnected to one an-
other in three dimensions™, and their electrical properties
are poorly understood. Hence, even the primary depolariz-
ing electrical responses of smooth muscles during neuro-
transmission, the excitatory junction potentials (EJPs), are
not satisfactorily understood. In many cases thesé responses
continue to be explored at the phenomenological rather than
at the analytical level. By contrast, the processes involved
in transmission at skeletal muscle have been rather thor-
oughly elaborated™, starting from the end-plate potential
down to the gating properties of the transmitter-activated
receptor-ion-channel complex and the explanation of the
end-plate currents in terms of channel function®®. However,
in recent years considerable progress has been made in our
understanding of the generation of smooth muscle EJPs as
well as the membrane currents underlying them. Some of
this owes to the application of novel electrical recording
methods to smooth muscle”™, and some to theoretical work.
Several interesting observations and hypotheses have
arisen, and it will be the aim of this article to review these
developments. To set them in context, the historical devel-
opment of ideas on the electrical properties of smooth
muscies during neurotransmission will first be outlined.
This will include a discussion of the ‘cable’ properties of
smooth muscle, and the factors determining current spread
and membrane potential development during EJPs. Since
the field is now quite extensive, attention will centre on the
properties of sympathetically innervated smooth muscle,
particularly the vas deferens, which today provides an inter-
esting and fruitful territory of research. Action potentials In
smooth muscles will not be discussed, arising as they do
subsequent to junctional transmission. For a survey of this
topic the reader is referred to the detailed reviews of
Tomita® and Huizinga’.

Syncytial nature of smooth muscle and its
innervation

Smooth muscle cells are well known to be electrically
interconnected 1o one another o form what i1s known as
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Figure 1. Companson of patterns of innervation at the autonomic
(a) and skeletal (4) neuromuscuar Jjunctions. N: nerve fibre, M:
muscle cell; E: end-plate; V: varicosity. Smooth muscle cells are
shown relatively shortened in length.(e g. in relation to varicosity
diameter) for iljustration.

a ‘three-dimensional syncytium’'®>", Bozler'® in 1948
was the first to suggest the syncytial nature of smooth
muscle. His hypothesis was validated by the demonstra-
tion that injected current can flow, and membrane po-
tential changes can be recorded, along smooth muscle
tissues over distances which are considtrably greater
than the average individual cell length. The spread of
current and potential occurs presumably through inter-
cellular pathways of low resistance®>'%'®!? The syn-
cytial organization of smooth muscle cells renders their
electrophysiology in many respects different to that of
other kinds of cells, e.g. skeletal muscle fibres, which
are electrically isolated from their neighbours.

The pattern of innervation of smooth muscle by auto-
nomic nerves also differs from that of skeletal muscle by
somatic nerves. As shown in Figure 1 g, the innervation
of many smooth muscle organs is of the ‘distributed’
kind, that is, each cell may receive input from varicosi-
ties on more than one terminal nerve fibre and any ter-
minal fibre may innervate several cells'®, The result is a
mesh of innervation known as the ‘autonomic ground
plexus’, varicose in appearance, in which the points of
transmission are thought to be the periodic axonal swel-
lings, the varicosities. Some cells are innervated closely
by the varicosities (contact distance < 20 pm) and others
not'*'8, In contrast to this meshwork, each skeletal
muscle fibre receives a well-defined, localized innerva-
tion from a somatic motoneurone that forms a discrete
‘end-plate’ (Figure 15) where neurotransmission OC-
curs’ . Each skeletal muscle fibre is supplied by the
terminal branch of only one somatic motor axon, and
usually has just one end-plate.

As a‘consequence of the electrical interconnections
between smooth muscle cells and of their complex in-
nervation, any membrane potential change (such as an
EJP) recorded in a particular cell will reflect not simply
the response of that cell alone, but also the response,
passively propagated to it, of neighbouring cells. Spatial
and temporal summation of its own response may occur
with the responses of neighbouring cells'!. The extent of
this ‘pick-up’ will depend largely on the electrical prop-
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erties of the interconnecting pathways between the cells.
For these reasons it is problematic to analyse electrical
events at the level of individual smooth muscle cells in
the kind of detail that has characterized the investigation
of skeletal muscle, in which the electrical responses of
an individual muscle fibre are independent of the re-
sponses of neighbourting cells.

Passive electrical properties

The passive electrical properties of a cell or a tissue,
such as its membrane resistance and capacitance, and its
length and time constants, are important determinants of
the electrical response of the cell to any given input,
since they determine its impulse response 2! Thus, the
amplitude, time course and spatial spread of a junction
potential - be it the EPP in skeletal muscle, the excita-
tory or inhibitory postsynaptic potentials in neurones, or
an EJP in smooth muscle, all of which are produced by
neurotransmitter-activated transmembrane current — will
depend largely on the passive properties. So will action
potential properties such as conduction velocity”>%.

Junction potentials usually have relatively rapid rising
phases and slower, usually exponentially decaying, fal-
ling phases (Figure 2 a). In many kinds of cells the fal-
ling phase of the junction potential decays with a time
constant that is equal to the cell’s membrane time con-
stant, To. This indicates that the junction potential decay
1s a purely passive electrical process. The active part of
the process, i.e. the neurotransmitter-activated mem-
brane current, is relatively brief. Its duration is often of
the order of the rise time of the junction potential
(Figure 2b). Transmitter-activated membrane current
serves to discharge the membrane capacity and produce
the rising phase of the junction potential, with the sub-
sequent decay of the potential following the time course
of passive recharging of the membrane capacity, at a
rate determined by 7, (refs. 5, 24). Thus, the time con-
stant of decay, T4ecay, Of the junction potential equals 7,
(Figure 2).

These properties are in many respects similar to those
of potential changes across the capacitor in a parallel
resistance—capacitance circuit in response to the flow of
current through i1t. Based on this general principle, a
standard method of evaluating the factors governing the
time course of a junction potential has been to estimate
Tn and compare it With Tgecay 0f the junction potential. If
the two values are similar, then the membrane currents
and potential are held to behave as outlined above. If
Tiecay €XCe€ds 1,,, other factors —such as a duration of
transmitter action greater than 7, — have to be consid-
ered”,

An approach such as this should in principle have re-
vealed readily the elements of junctional processes in
smooth muscle. As ever, though, smooth muscle pres-
ents bedevilling complications. One is that in a
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a. Junction potential

Rise time

5 mV

b. Junction current

Figure 2. A typical junction potential (a) and s underlying junc-
tion current (b) as observed at a vartety of synapses S stimulation
artefact Parameters of analytical interest are 1ndicated Note that
membrane potential change i1s prolonged compared to membrane
current, because of the capacitive properties of the cell membrane
The downward current trace indicates inward membrane current
Typical amphtudes and time courses observed at the skeletal neuro-
muscular junction are indicated by the calibration bars, however (as
will be seen in subsequent figures), values may vary depending upon
the cell type under investigation It should also be noted that if junc-
tion current time course were measured using extracellular recording,
its amphitude calibration would be in volts rather than in amperes

syncytium, 7T, itself varies under different conditions of
determination. The estimation of 7, in simpler structures
(those approximating linear one-dimensional cables,
such as skeletal muscle fibres and axons) has been rela-
tively straightforward. One injects rectangular pulses of
constant current at a point inside the cable and measures
the resulting membrane potential changes (the sub-
threshold or electrotonic responses) at increasing dis-
tances from the point of injection?”s. Tm, and other
passive parameters such as membrane resistance, capaci-
tance and length constant, 4, can then be evaluated
using the well-known properties of the cable equationn.

By contrast, current injection at a point in the smooth
muscle syncytium (i.e. intracellularly In a single cell)
results in no detectable membrane potential change even
in its immediate vicinity'"*®, The reason for this is
thought to be a very rapid spatial dissipation of injected
current through the multiple shunts offered by intercellu-
lar electrical pathways in three dimensions, so that no
appreciable fraction of it flows to any neighbouring
area. Thus, smooth muscle does not exhibit cable prop-
erties with Intracellular current injection. However,

when it is subjected to current injection through large

CURRENT1 SCIENCE, VOL 69, NO. 2, 25 JULY 1995
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MEASUREMENT OF CABLE PROPERTIES

Figure 3. Partition stimulation chamber used for jnvestigation of
smooth muscle cable properties R; recording chamber: $' stimulat-
tng chamber; P1, P2: metal plates for stimulation and partition; I:
current source, V. membrane potential change at different distances
from plate P1, recorded intracellularly (with reference to indifferent
tlectrode ‘ref’) The scale 15 exaggerated V,, responses may be re-
corded up to only a few mm from P1 Also there would be a tight fit
between the tissue and the hole in PI Amplitude and time scales are
appropriate for guinea pig vas deferens Adapted from ref, 16.

extracellular electrodes, smooth muscle does, surpris-
ingly, start to exhibit cable properties, so that membrane
potential changes are recorded at a distance from the
area of current injection. Particular mention may be
made of the ‘partition stimulation’ method first em-
ployed by Tomita'®'' and Abe and Tomita'®. The ex-
perimental arrangement is shown in Figure 3. The
cylindrical smooth muscle organ is drawn through a cir-
cular hole of matching diameter in a metallic plate (P1)
which forms a plane at right angles to the longitudinal
axis of the tissue. The plate also separates the organ
bath 1n which the tissue is placed into two compartments
electrically insulated from each other. Current is passed
extracellularly between this plate and another plate
electrode (P2) in the stimulating compartment (S), while
in the recording compartment (R) membrane potential
responses are measured intracellularly., As shown in
Figure 3, passive (electrotonic) responses can now be
detected in tissue cells up to a few millimetres from the
plate, and a quantitative evaluation of these responses
indicates that the organ now behaves as a one-
dimensional cable. An explanation for this change of
properties is that when external plate electrodes are used
to polarize the smooth muscle cells, the tissue is ren-
dered more or less isopotential in its two radial axes at

CURRLENT SCIENCE, VOL. 69, NO 2, 25 JULY 1995
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the stimulation plate. Hence, injected current can only
spread 1n one direction — along the longitudinal aspect
of the tissue — and the tissue acquires cable-like proper-
ties in this direction'>'""", Some of these properties are:
(1) the peak values of the membrane potential responses
to external stimulation decay exponentially with dis-
tance from the polarizing plate; (ii) the temporal prop-
erties of the membrane potential changes at different
distances can be described by linear one-dimensional
cable equations.

The electrotonic responses thus measured can be used
to estimate passive electrical properties such as length
constant and time constant of the tissue''?’. In the case
illustrated (hyperpolarizing current injection) the change
of membrane potential (V) with respect to both time ()
and distance (x) is given by!'®"

F -~

i X
Vm(X,T)-:Vm(X:O,T:m)E--:e‘X 1+erf( — T)

L

+eX I—erf( X
L

+
2T

where X =x/Ay, (here 0 <X <o) and T =t/1,, x being
the distance from the stimulating electrode and r the
time from start of stimulation; erf is the error function,
defined as

ﬁ] 3 (1)

1 2
erf{y) = zﬁﬂe‘“’ da. (2)

By comparing the prediction of equation (1) with the
observed responses, one can verify the correctness of
the values of the length constant and time constant ob-
tained experimentally, and thus estimate the passive
membrane properties.

Based on the responses to intracellular and extracellu-
lar polarization, various suggestions,-often conflicting,
have been made about the factors determining the time
courses of EJPs, and the relationship of membrane po-
tential change to membrane current, in smooth muscle.
These hypotheses are reviewed below.

Smooth muscle junction potentials and their
analysis

Two kinds of excitatory potentials are recorded at the
synapse between the terminals of the vas deferens nerve
postganglionic to the hypogastric nerve and the smooth
muscle cells of the vas*®?”; the evoked and spontane-
ously occurring junction potentials (the EJP and SEJP,
respectively, Figure 44). EJPs and SEJPs have been
recorded in several autonomically innervated smooth
muscles, but the most detailed work has been done on
junction potentials at the sympathetic neuroeffector
junction, particularly in the rodeat vas deferens, and m
arteries and arterioles.
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Figure 4. Spontancous and stimulation-¢voked junction potentials
seen 1 smooth (a) and skeletal (8) muscle Spontaneous potentials:
SEJP, MEPP. Evoked EJP, EPP. In smooth muscle the SEJP is
briefer than the EJP but can be as large as the EJP. In skeletal muscle
the MEPP follows the same time course as the EPP but has a smaller
amplitude. Note the different time scales 1n g and &

The SEJIP occurs in the absence of nerve stimulation
and 1s thought to be caused by the spontaneous release
of a quantum of transmitter from a neuronal varicosity.
The EJP, on the other hand, is a stimulation-evoked
event and Is thought to be caused by the release of
transmitter throughout the neuronal ground plexus fol-
lowing nerve stimulation®™!, Qualitatively, these re-
sponses are analogous to the miniature and the
stimulation-evoked end-plate potentials (MEPPs and
EPPs) observed at the skeletal neuromuscular junctton,
produced, respectively, by the release of one quantum of
transmitter (spontaneously) or of several quanta
(following nerve stimulation)’* (Figure 4 ). However,
there are important differences, as illustrated in Figure
4. In relation to time courses the most striking one
is that whereas the MEPP and the EPP have similar
time courses (Figure4b), the SEIJP and the EIP
differ by a factor of 5-10 in theirs, the SEJP being
briefer’* (Figure 4a). SEJPs usually have durations
of 100-150 ms and 74y Of 20-50 ms, whereas EJPs
have durations of 0.6-1s and 7geay ranges from 200
to 400 ms.

Another difference lies in relative amplitudes. Skele-
tal muscle MEPPs have amplitudes that are normally
distributed about the range 0.5-1mV, and the
EPP amplitude is an integral multiple of this quantal
level; EPPs are thus always as large as, and normally
much larger than, MEPPs’’>, By contrast, in smooth
muscle both EJP and SEJP amplitudes are continuously
variable from the lowest to the highest levels
(0-30 mV), EJP amplitude being graded with stimula-
tion intensity and SEJP amplitudes varying randomly.
There is no obvious quantal relationship between the
two events, and SEJPs can often be larger than EJ pg28ds
(Figure 4).

Since MEPPs and EPPs have similar time courses, it
would appear that the passive electrical properties of
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skeletal tmuscle cells remain tinvariant regardless of
whether transmitter release is spontaneous or stimula-
tion-evoked. However, in smooth muscle cells, since the
SEJP and EJP follow very different time courses, the
passive properties appear to change depending upon the
pattern of transmitter release, i.e. whether it is sponta-
neous and localized to a varicosity or is evoked by nerve
stimulation and, therefore, involves several varicosities
throughout the ground plexus“‘”.

Using the principle of comparison of 7, with 74ec,, of
the junction potentials, the decays of the MEPP as well
as of the EPP of skeletal muscle were shown to be de-
termined by the passive properties of the skeletal muscle
cell membrane. However, 1 initial studies the decays of
the SEJP and EJP in the vas deferens were suggested by
various workers to reflect not 7, but the time course of
membrane current, indicating a prolonged duration of
action of ftransmitter at the autonomic neuroeffector
junction.

Experimental studies

The SEJP. For the SEJP, evidence for prolonged
transmitter action came mostly from studies on mem-
brane potential responses to intracellular stimulation.
If the SEJP results from localized transmitter action
at a point in a three-dimensional syncytium, then the
electrical properties of the smooth muscle membrane
during intracellular current injection may be assumed to
reflect its properties during an SEJP. A number of
workers' "*#3¢ have studied the membrane potential re-
sponses of smooth muscle cells to intracellular current
injection with current-passing microelectrodes. In the
guinea pig and mouse vas deferens this response was
usually observed to have a time constant of 2-7 ms,
which is up to an order of magnitude higher than the
time constant of decay of the SEJP (range 20-35 ms). It
could even be more rapid than the rising phase of the
SEJP, which occupies between 5 and 15 ms.

Thus, the time constant of the membrane in response
to local application of current in the syncytium was
much too brief to account for the time constant of decay
of the SEJP. This excluded the possibility that the pas-
sive membrane properties of the vas deferens deter-
mined the decay of the SEJP. Hence, for the SEJP 1t was
concluded that transmitter action might continue

throughout its duration'®'"

The EJP. Suggestions about the factors governing EJP
time course came primarily from estimation of smooth
muscle passive properties using the partifion~stimulation
method. From the passive responses described by equation
(1), Tomita'' estimated the length constant (A,) of the
tissue to be about 1.5-2.5 mm. The membrane time
constant 1, of the smooth muscle cells was estimated to
be about 100 ms.

CURRENT SCIENCE, VOL. 69, NO 2, 25 JULY 1995
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The time constant of the declining phase of the EJP

(200400 ms) is significantly greater than this value of

Tm- Hence, it appeared that 7, was too brief to account
for the falling phase of the EJP, rather like the relation-
ship of 1, during intracellular polarization in relation to
the SEJP. It was concluded'"""*® that the EJP too might
reflect the time course of ongoing transmitter action
rather than that of the passive recharging of the mem-
brane capacity.

Thus, until the mid-1970s there seemed to be a con-
sensus that transmitter-activated membrane current dur-
ing both the SEJP and the EJP might persist throughout
the duration of each category of junction potential. This
contrasted with the brief time course of membrane cur-
rent underlying the MEPP and the EPP at the skeletal
end-plate. In the last 10-15 years, however, much evi-
dence has been presented which suggests a somewhat
different picture for the EJP. Let us consider these de-
velopments.

The most pertinent experimental analysis is that of
Bywater and Taylor’’, who reinvestigated the passive
electrical properties of the guinea pig vas deferens. They
showed that the estimation of membrane time constant
depended critically on the respective lengths of the tis-
sues placed in the recording and stimulating compart-
ments of the partitioned chamber. In particular, the
calculated time constant was shown to be a considerable
underestimate of its true value if less than three length
constants of the tissue were placed in the stimulating
compartment.

Obviating these sources of error, T, was estimated”’
with external polarization to be about 270 ms, a value
significantly different from the previous estimate
(100 ms)''. The length constant Am (=860 nm) was also
shown to be smaller than the earlier estimate!! of 1500—
2600 um.

Unlike the earlier value, the new estimate of T,, coin-
cided with the time constant of decay of the EJPs in the
guinea pig vas deferens. The decay of the EJP, there-
fore, appeared to be dictated by the passive membrane
properties of the smooth muscle cells. This would indi-
cate a brief duration of transmitter-activated current un-
derlying the EJP. Blakeley and Cunnane’® and Bywater
and Taylor’’ suggested that transmitter action underly-
ing both spontaneous and evoked junction potentials
corresponded in duration to the SEJP.

Theoretical studies

Smooth muscle syncytial properties have also been in-
vestigated from a theoretical standpoint'™'“Y, It was
shown that if current were injected from a point source
Into the syncytium (as for the SEJP) then, because of
intercetular electrical coupling, the current would dissi-
pate away from the point of injection very rapidly, both
spatially as well as temporally'!. As a result, the time

CURRENT SCIENCE, VOL.. 69, NO 2, 25 JULY 1995

course of the membrane potential change at or near the
point of current injection would be similar to that of the
current itself. On the other hand, when current of the
same time course is injected uniformly throughout the
syncytium (as for the EJP), spread of current is re-
stricted and the potential change that develops then is
prolonged, lagging considerably behind the current®.
Purves'® obtained the time course of the EJP by con-
volving the impulse response, #(T), of an isopotential

circuit with the input, the transmitter-activated current
I(T:

W)= e T, 3)
KT)= o’T exp(—aT), (4)

where (Jp is the charge deposited instantaneously on,
and ¢, the membrane capacity of, unit volume of tissue,
T is the normalized time (#/1,) and « is a driving func-
tion which, as used in equation (4), generates waveforms
very similar in shape to synaptic currents observed at a
variety of synapsesllﬁ. Then the membrane potential
response V(7T') is given by V(T) = h(T)*I(T), the aster-
isk mdicating the convolution operation. On solving the
convolution integral we get the essential part of V(T) as

efle-b_1 T
(-2 a-1

V(T) = aze‘“T{ (3)
On evaluation, V(T), corresponding here to the EJP,
turns out to be considerably prolonged compared to the
injected current I(T).
Purves'® also derived an expression for the voltage
change during the SEJP. In this case the impulse re-
sponse #(T) is given by

h( T) — Qﬂrl

. el-(R*/4aT)~-T} (6)
8(xT)¥2 At

ri being the intracellular resistance per unit volume and
R the normalized radial distance.

Equation (6) can be convolved with the expression for
transmitter-produced membrane current (equation (3))
and the voltage response derived. It was shown that the
resulting voltage change is much briefer than that pre-
dicted for the isopotential EJP and, in fact, follows
closely the time course of the current itself™. Hence,
this theoretical work indicated that whereas the EJP is
prolonged compared with its underlying membrane cur-
rent, the SEJP follows the time course of the current.

Recent investigations

The foregoing conclusions can be unambiguously tested
only by direct observation of the junction currents that
underiie the potentials to establish the relationships be-
tween their time courses, One way to record junction
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current is to perform a voltage clamp experiment, which
has been done on sevcral types of electrically isolated
cells, Including shkeletal muscle fibres and neu-
rones****". However, it is difficult normally to obtain
an adequate voltage clamp of syncytial, three-
dimensional tissues such as smooth muscle’®. This is
because, as previously described, smooth muscle cells
have unsuitable geometries and are electrically inter-
connected.

Extracellular recording. A second convenient method of
estimating membrane current time course is to record
exfracellularly the potential changes caused by the cur-
rent sinks created focally at points of transmitter ac-
tion’ . Until the late 1980s this method could not be
successfully applied to the autonomic-nerve—smooth-
muscle junction because of technical problems”***!
However, 1n the past few years attempts at extracellular
recording have been successful and, therefore, it has
been possible to estimate the time course of membrane
current underlying the EJPs™*'™. The extracellular
electrode used in the initial studies had a large tip di-
ameter (20-50 pm) compared to the intracellular elec-
trode, and was applied to the surface of the vas deferens
with slight suction. This allowed the recording of nega-
tive-going extracellular potential changes of 20 uV and
greater 1n amplitude. Since these events reflect the time
course of membrane current, they were named excitatory
junction currents (EJCs)’.

Simultaneous intracellular and extracellular record-
ings of the time courses of junction potentials and cur-
rents have been obtained"™° and have given rise to some
conclusive and interesting observations. In the experi-
ments 1n which the spontaneous events were recorded,
cells within a short distance (up to 100 pm) of the rim of
the extracellular electrode were probed with the intracel-
lular microelectrode®**. This was necessary because, as
mentioned above, the spatial decay of spontaneous po-
tentials is very rapid and the same event could be de-
tected with two electrodes only if they were very close
to each other. The experiments unequivocally showed
that when the same electrical event was recorded at both
the electrodes™, the time courses of the SEJP and the
SEJC (1.e. the potential change and the current flow)
were identical®. This is shown in Figure 5 for three pairs
of SEJPs and their underlying SEJCs, and it is note-
worthy that even for very different shapes of the events
in Figure 5a, b and ¢, potential change and current fol-
low the same time course. The result strongly suggests
that the membrane capacity is not charged significantly
by the current induced by the action of a single quantum
of transmitter, since if it were, membrane potential
change would have lagged behind the current.

The nerve-stimulation-evoked EJP and the time course

of 1ts underlying EJC were also recorded simultane-

ously®”*. In this case it was observed that the membrane
currents underlying the EJPs were brief, having
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Figure 5. Spontancous electrical events in smooth muscle (mouse
vas deferens) recorded simultaneously with intraceliular and extracel-
lular electrodes (upper and lower traces, respectively, 1n a, b and c¢)
Note the close correspondence between the time courses of mem-
brane potential change (SEJP) and junctional current (SEJC) even for
different shapes of the events' the almost linear decays in a, the
biexponential decays in b, and the prolonged rise times 1n ¢. The
reason for the somewhat distorted shapes 1s probably the mechanical
pressure exerted by the extracellular electrode on the tissue®. Volt-
age scale 2 mV for intracellular, 50 uV for extracellular traces

durations (100-150 ms) and time constants of decay
(25-40 ms) no greater than of the SEJCs (Figure 6).
Hence, the prolonged time constant of decay of the EJPs
(250-350 ms) cannot be attributed to prolonged trans-
mitter action, owing, for instance, to slow inactivation
or to physical barriers to diffusion'. It must instead be
attributed to the passive decay of charge from the
smooth muscle cells following spatially distributed in-
jection of current into the tissue that changes it from a
three-dimensional syncytium into one that is presumably
at isopotential’>”>. If this indeed is the case, the theo-
retical 1sopotential voltage response of the tissue (given
by equation (5)) should predict successfully the experi-
mental data. Evidence for this is presented in Figure 7.
EJPs and EJCs were recorded simultaneously and 80 of
each were averaged™* (Figure 7a). The EJC was
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Figure 6. Stimulation-evoked electrical events in smooth muscle
(gminea pig vas deferens) recorded simultaneously with intracellular
and extracellular electrodes. A series of 9 EJPs is shown in a,
the underlying EJCs marked with astenisks. In b, one of the
paired events 1n @ (marked with an arrow) is shown on an expanded
time scale Note the brief time course of the EJC compared to the
EJP. Other deflections 1n a are spontaneously occurring SEJPs
and SEJCs; one of each is indicated 1in b. Voltage scale® 4 mV
for intracelfular, 100 uV for extracellular traces S stimufation
artefact

shown to match the form of the theoretical junction cur-
rent given by equation (3) (Figure 7 5). When this cur-
rent was used as the mput to an i1sopotential system and
the voltage response computed, the response agreed very
closely with the experimental EJP (Figure 7 ¢). In these
recordings, therefore, the tissue appears to be at isopo-
tential during the EIPP . In further support of this
conclusion is the observation that under conditions of
field stimulation of the tissue, the estimated membrane
time constant of these cells (270-300 ms)®’ is very
similar to the time constant of decay of the EJPs.

Bennett ef al.*> have carried out a theoretical analysis
of the signals that one would expect to obtain with an
extracellular surface electrode of the kind used in the
studies mentioned above. Their predictions are in very
good accord with the EJCs experimentally recorded ear-
lier®*"4 and place confidence in the validity of the new
measurements,

CURRENT SCIENCE, VOL. 69, NO 2, 25 JULY 1995

The quantal relation between the EJP and SEJP

Although the time courses of the SEJP and the EJP are
widely different, the events have similar ranges of am-
plitudes, from just-discernible to threshold levels for
action potential generation. The range of amplitudes of
SEJPs can be explained by the effect of electrotonic
decrement on events generated in a syncytium at varying
radial distances from the recording electrode'""’. Events
generated very close to the recording electrode are re-
corded as large SEJPs, and those at larger distances as
smaller SEJPs. However, the EJP seems not to be com-
posed of an integral multiple of SEJPs, as the quantal
hypothesis in its simplest form (derived from the prop-
erties of the EPP and MEPP at the skeletal neuromuscu-
lar junction®®) would suggest. This feature of sympath-
etic neurotransmission, by itself a separate important
area of investigation, merits a brief comment. The
problem here is that the EJP and the SEJP arise under
different prevailing electrical conditions of the tissue (as
detailed above). The EJP for most of its time course is a
passive electrical event, and only its rising phase is ac-
tively determined by the underlying junction current
(see Figures 6 and 7). So, a resolution of transmitter
release events following nerve stimulation, and electri-
cal identification of sites of release, would require in-
vestigation of its rising phase, in contrast to the decay
phase, which throws light on the tissue’s electrical prop-
erties.

Detailed examination of the rising phases of EJPs has
revealed that they are not entirely smooth but are
marked by inflexions, and that both the slope and the
time of occurrence (latency) of these inflexions differ
from one EJP to the next™. The first time differentials
(dV/df) of the rising phases, therefore, contain sharp
peaks corresponding to the inflexions; and are termed

‘discrete events’ (DEs). DEs were postulated to be indi-

cations of the activity of individual transmitter release
sites close to the recording electrode, the remainder of
the EJP reflecting the background level of depolariza-
tion in the surrounding tissue. Rising phases ot SEJPs
were similarly differentiated to give rise to spontaneous
DEs (SDEs).

Using DEs it has been possible to ‘fingerprint’ difter-
ent release sites around the intracellular recording ¢lec-
trode by virtue of the differences in amplitudes, time
courses and (for evoked events) latencies of the DEs’!.
Evidence from these studies suggests that stimulation-
evoked release from an individual electrophysiologically
identified release site (possibly a varicosity) is highly
intermittent, and monoquantal. That 1s, 1n a train of
stimuli, only one in several stimuli activate a particular
release site. And when a site is activated, the resultant
evoked DE corresponds exactly to a particular SDE ob-
served in that cell’’. It is not an integral multiple of the
SDE. Thus, evoked release must be monoquantal 1f the
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Figure 7. Reconstruction of the EJP from the EJC based on Purves” model'™ . a, averages of 80 EJPs and
EJCs simultaneously recorded (n.t i. 1s the nerve terminal impulse recorded extracellularly); &, plot of the EIC
in a (filled circles) compared to theoretical EJC (smooth curve) generated by equation (4) of the text; ¢, plot
of experimental EJP in a (filled circles) along with theoretical EJP (smooth curve) generated by Purves’ model
(equation (5) of text) using the underlying EJC (/) as the mput. Note the agreement between experimental and
theoretical time courses, In & and ¢, all events have been normalized with respect to their maximum amplt-

tudes 1n order to facilitate comparison of time courses.

SEJP is held to be a monoquantal event (on which there  this hypothesis of intermittent, monoquantal release
is general consensus). Analysis of EJCs and SEJCs us-  from release sites* ™% “However, it should be noted
ing the extracellular recording technique has confirmed  that during an EJP several release sites throughout the
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ground plexus are activated, and in this sense the EJP is
a multiquantal event. But because the activated release
sites are spatially dispersed®, in the EJP’s rising phase
only the contribution of one of the closest sites is usu-

ally recorded intracellularly as a DE, the contribution of

more distant sites being attenuated by electrotronic fac-
tors. Since release from each of the sites is monoquan-
tal, and the effect of no more than one of them may be
recorded during a given EJP, transmitter release will not
appear to be multiquantal. The EJP is graded with
stimulation strength because at low strengths fewer in-
tramural axons, and hence varicosities, are activated
than at higher strengths, leading to different average
. levels of depolarization in the tissue. Hence, the EJP can
be as small as the smallest SEJP, or as large as the larg-
est, depending upon the stimulation intensity. For a
more detailed account of this somewhat unusual quantal

relation, the interested reader is referred to the relevant
papers and reviews> > 41-43.46

Summary

To summarize, theoretical predictions and experimental
results are now in good agreement about the factors
governing junction potential time courses in smooth
muscle. Extracellular recordings have made it possible
to measure the kinetics of junction currents. Simultane-
ous intracellular and extracellular recordings have es-
tablished that whereas in the case of the SEJP membrane
potential change follows the time course of underlying
current, in the case of the EJP it is much more prolonged
than the current. Spontaneous and evoked junction cur-
rents are similar 1in time course. These results can be
explained in terms of the syncytial nature of smooth
muscle by postulating redistribution of charge in a three-
dimensional resistive network in the syncytium during

the SEJP and in an approximately isopotential resistive—

capacitative network during the EJP.

Support to this scheme has been lent by studies on
other kinds of smooth muscle, notably vascular smooth
muscle, In one particularly interesting case by demon-
strating a corollary to the hypothesis. Hirst and

Neild*"*® described a guinea pig submucosal arteriolar
preparation which was just one smooth muscie cell layer

thick. By using short segments of arteriolar branches
which were less than 0.35 length constants long, they
showed that the arteriole behaved as a one-dimensional

cable even for intracellular current injection. Under
these conditions, the time constant of decay of not only

the EJPY’ but also the SEJP*® was shown to be similar in
value to 71, and the time courses of the EJP and the
SEJP were identical. Hirst and Neild* also estimated
that the membrane currents underlying both the EJP and
the SEJP were relatively brief. Hence, when an other-
wise three-dimensional syncytium is rendered - by for-
tuitous physiological arrangement — unidimensional and

CURKRENT SCIINCE, VOL 69, NO 2 25 JULY 1995

cable-like, its electrical behaviour becomes similar to
that of a skeletal muscle cell. Finkel et al.? succeeded
In voltage clamping this one-dimensional arteriolar
preparation with a single-microelectrode voltage clamp
system and corroborated these suggestions. It is interest-
ing that the time course of the conductance change in
this vascular smooth muscle resembles the time course
of the SEJP in the vas deferens*’°, In other vascular
smooth muscle, where three-dimensional syncytial prop-

erties are exhibited, tissue electrical properties resemble

those of the vas deferens’’.

Conclusions

In this review | have outlined the often tortuous devel-
opment of ideas on smooth muscle electrical properties
during neurotransmission. It is noteworthy at every stage
that the methods adopted for determination of electrical
properties have strongly influenced our theoretical pic-
ture. Thus, although we now have a hypothesis that
consistently explains many observations and may have
heuristic value, it might subsequently require modifica-
tion in the face of new observations obtained with more
refined techniques. Additional questions that require
attention are:

(1) In some smooth muscles evidence from different
lines of experimentation is in conflict regarding whether
the cells are electrically coupled. In the vas deferens of
the rat and the mouse it has not been possible to dem-
onstrate cable-like properties using the partition stimu-
lation method®®, indicating restricted or absent
intercellular current flow, at least in the longitudinal
direction. Yet, in these tissues the relationship between
the time courses of the junction potentials and the cur-
rents is as outlined above®, indicating effective electri-
cal coupling. Such discrepancies need to be resolved.

(ii) What are the properties, in terms of unitary con-
ductance and mean open time, of the neurotransmitter-
activated ion channels which underlie the development
of the SEJP and the EJP? Patch clamp studies have so
far failed to provide the answer, as only whole-cell re-
cordings have been possiblelz. An alternative approach
to the problem might be to carry out fluctuation analysis
of transmitter-activated membrane noise5'37, which
would provide indirectly, but reliably, the information
of interest.

(11i) Not all EJPs have simple time courses. In many
cells their decaying phases can be complex, being described
by more than one time constant of dccayﬂ, and one of these
phases may be bricfer than 7, Theoretical studies nced to
be donc on how such EJPs might arise. This may perhaps
best be begun by considering simple equivalent circuits
for the tissue, intermediate in complextty between the
three-dimensional syncytial and the sopotential cases,
and estimating the voltage responses in these .
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(iv) The identity of the subcellular structures that al-

low intercellular electrical coupling in smooth muscle is
controversial. In othet syncytial tissues, the structure
ocnerally accepted to underlie coupling is the ‘gap
junction‘f“. However, in the case of smooth muscle the
evidence for the existence of gap junctions between

54,55

cells is equivocal, as is their function when present™ .

It

will be interesting to see whether a morphological

substrate is soon established for the electrical coupling
that is so strikingly evident functionally and that plays
such an important role in determining tissue electrical
properties under different conditions.

VS B e

10

11.
12

13

14
15.
16.

17

18

19.

20
21

22
23.

24

25.
26.
27.

i T i T N

Bennett, M R, Philos. Trans. R Soc London, 1973, B26S, 25-34
Tomuta. T, Prog. Biophys. Mol. Brol , 1975, 30, 185-203

Katz, B, Nerve., Muscle, and Synapse, Mc-Graw Hill, New
York, 1966

Prior, C . Dempster, J. and Marshall, I G, J Pharmacol. Toxi-
col AMethods, 1993 34, 1-17.

. Nicholls, J G., Marin, A R. and Wallace, B, From Neuron to

Brain, 3rd edn, Sinaver, Sunderland, 1992,
Unwin, N., Narure, 1995, 373, 37-43

. Brock, J. A C. and Cunnane, T. C., Nature, 1987, 326, 605

607.

Cunnane, T C. and Manchanda, R., Neuroscience, 1989, 30,
563-575

Hwmzinga, J. D, Can. J. Physiol. Pharmacol , 1991, 69, 1133~
1i42

Tomita, T., J. Theor. Biol., 1966, 12, 216-227.

Tomita, T., J. Physiol., 1967, 189, 163-176.

Tomita, T., Jpn J. Physiol., 1992, 58, 1P-6P

Purves, R D, J Theor. Biol, 1976, 60, 147-162.

Burnstock, G, Experientia, 19853, 41, 369874,

Bozler. E., Philos Trans. R. Soc. London_ 1973, B265, 3-6.
Abe, Y. and Tomita, T., J. Physiol., 1968, 196, 87-100

Tomita, T., in Smooth Muscle (eds. Bulbring, E., Brading, A F.,
Jones, A. and Tomita, T.), Edward Arnold, London, 1970, pp.
197-243.

Lavidis, N. A. and Bennett, M. R., J. Auto. Ner. Sys., 1993, 45,
87-100.

Hodgkin, A L. and Rushton, W,_ A. H, Proc. R Soc London,
1946, B133. 444479

Katz, B, Proc. R. Soc. London, 1948, B135§, 506-534

Jack, J. J. B_, Nobie, D. and Tsien, R. W, Electric Current Flow
in Excitable Cells, Oxford University Press, Oxford. 1983,

Fatt, P. and Katz, B.. J. Physiol., 1951, 115, 320-370.

Jack, I J B. and Redman, S. )., J. Physiol, 1971, 21§, 321-

352

Gage, P. W, Phystol Rev., 1976, 56, 177-247.

Faber, D. § and Korn, H., Science, 1980, 208, 612614
Kuriyama, H., J Physiol | 1964, 175, 211-230.

Bywater, R. A R and Taylor, G. W., J. Phystol., 1980, 300,

303-316

150

28

29

30

31.
32,

33

34

35
36

37.

38

39.

40

41.

42

43
44,

45

46.

47
48

49.

50.

51

52

53.

54

55.

—

Burnstock, G and Holman, M E , J. Physiol., 1961, 155, 115-
133

Burastock, G. and Holman, M E , J Physiol., 1962, 160, 446~
460

Blakeley, A G H and Cunnane, T. C, J. Physiol, 1979, 296,
85-96

Cunnane, T. C and Syarne, L., Neuroscience, 1984, 13, 1-20
Del Castillo, J and Katz, B, J. Physiol , 1954, 124, 560-573
Cunnane, T C and Manchanda, R , Neuroscience, 1990, 37.
507-516

Hashimoto, Y . Holman, M E. and Tille, J, J Physiol, [966,
186, 27-41.

Bennett, M R, J. Gen Physiof , 1967, 50, 2459-2470.

Holman, M E, Taylor, G § and Tomuta, T., J. Physiol, 1977,
266, 751764

Anderson, C. R and Stcvens, C F , J Physiol , 1973, 235, 655—
693

Bolton, T B, Tomita, T and Vassort, G, in Smooth Muscle An
Assessment of Current Knowledge (eds Bulbring, E, Brading,
A.F., Jones, A and Tomita, T ), Edward Arnold, London, 1981,
pp 47-63.

Del Castillo, §J and Katz, B., J. Physrol., 1956, 132, 630--649
Holman, M E . \n Smooth Muscle (eds Bulbring, B | Brading,
A F, Jones, A and Tomita, T.), Edward Arnold, London, 1970,
pp 244-288

Brock, J. A. C. and Cunnane, T C, J. Physiol., 1988 399, 647~
632.

Astrand, P., Brock, ] C. and Cunnane, T. C., J. Physiol , 1988,
401, 657-670

Lavidis, N. A. and Bennett, M. R., J Physiol |, 1992, 454, 9-26
Manchanda, R, D. Phil Thesis, University of Oxford, 1989
Bennett, M R., Gibson, W. G and Poznansk:, R. R, Philos.
Trans R. Soc London, 1993, B342, 89-99

Stjarne, L, Astrand, P., Bao, J-X , Gonon, F., Msghina, M. and
Styarne, E | 1in Molecular and Cellular Mechanisms of Neuro-
transmitter Release (eds Syyarne, L., Greengard, P., Grillner, § |
Hokfelt, T and Ottoson, D ), Raven Press, New York, 1994, pp
461-496

Hirst, G. D S aand Neild, T. O, J. Physiof , 1978, 280, B7-104.
Hirst, G. D S. and Netld, T. O., J. Physiol., 1980, 303, 43-60.
Finkel, A. S., Hirst, G. D S. and van Helden, D F., J Physiol,
1984, 351, 87-98

Hirst, G, D. S, De Glena, S. and van Helden, D. F., Experien-
tia, 1985, 41, 874-879

Cassell, J F., McLachlan, E. and Situracha, T., J. Physiol,
1988, 345, 31-49.

Jobling, P. and McLachian, E. M, J Physiol, 1992, 454, 83—
105.

Manchanda, R , Electro and Magneto Biol , 1994, 13, 99-106.
Huwizinga, J D, Liu, L W, C., Blennerhassett, M G., Thuner-
berg, L and Molleman, A .| Experientia, 1992, 48, 932941
Garficld, R E . Thulander, G and Blennerhassett, M G., Can J
Physiol Pharmacol . 1992, 74 481490

Receiwved 31 January 1995; revised accepted 21 April 1995

CURRENT SCIENCE, VOL. 69, NO. 2, 25 JULY 1995



