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ABSTRACT The release of a quantum from a nerve terminal is accompanied by the flow of extracellular current, which
creates a field around the site of transmitter action. We provide a solution for the extent of this field for the case of a quantum
released from a site on an amphibian motor-nerve terminal branch onto the receptor patch of a muscle fiber and compare this
with measurements of the field using three extracellular electrodes. Numerical solution of the equations for the quantal
potential field in cylindrical coordinates show that the density of the field at the peak of the quantal current gives rise to a peak
extracellular potential, which declines approximately as the inverse of the distance from the source at distances greater than
about 4 um from the source along the length of the fiber. The peak extracellular potential declines to 20% of its initial value
in a distance of about 6 um, both along the length of the fiber and in the circumferential direction around the fiber.
Simultaneous recordings of quantal potential fields, made with three electrodes placed in a line at right angles to an FM1-43
visualized branch, gave determinations of the field strengths in accord with the numerical solutions. In addition, the three
electrodes were placed so as to straddle the visualized release sites of a branch. The positions of these sites were correctly
predicted on the basis of the theory and independently ascertained by FM1-43 staining of the sites. It is concluded that
quantal potential fields at the neuromuscular junction that can be measured with available recording techniques are restricted

to regions within about 10 um of the release site.

INTRODUCTION

Recording the electrical signs of quantal secretion at visu-
alized release sites with either loose-patch or sharp elec-
trodes was initially carried out at the amphibian neuromus-
cular junction (Bennett et al., 1986). Since then, loose-patch
recordings have been made from single visualized synapses
formed by sympathetic varicosities on smooth muscle cells
(Lavidis and Bennett, 1992), sympathetic boutons on gan-
glion cells (Bennett et al., 1997), and at boutons on hip-
pocampal neurons (Forti et al., 1997). However, there is no
detailed analytical or numerical solution that describes how
current flows in the extracellular space about a synapse
upon the release of a quantum and allows for comparison
with experiment. There is also no guide to the extent of
distortion of this quantal current field by glial cells partially
enveloping the synapse or by the recording electrode itself.

Several investigations have been made into the extent of
the extracellular currents and potentials due to action po-
tential conduction along an axon or muscle fiber in a vol-
ume conductor (Clark and Plonsey, 1968; Malmivuo and
Plonsey, 1995; Stephanova et al., 1989; Trayanova et al.,
1990); others have considered the generation of action po-
tentials in axons or axon bundles by stimulation from ex-
ternal electrodes (Rattray, 1986, 1987, 1989; Altman and
Plonsey, 1988), but none of these allow for determination of
the quantal current field. Solutions for the interior potential
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and current flow resulting from current injection into spher-
ical cells have been obtained (Eisenberg and Johnson, 1970;
Engel et al., 1972; Pickard, 1971a,b), but in all these cases
the exterior is assumed to be at Earth potential. Two papers
(Peskoff and Eisenberg, 1975; Peskoff and Ramirez, 1975)
do consider the external field, but only for the purpose of
showing that the position of an external sink and the con-
duction of the external fluid have little effect on the mem-
brane potential. In the case of motor-nerve terminals, for
which most experimental evidence is available, the problem
that requires solution relates to charge spread when applied
at a point on a cable of non-negligible diameter in a volume
conductor, so that current flows both transversely and along
the length of the cylindrical cable. A cylindrical version of
the cable theory has recently been solved by an extension of
standard linear theory (Hodgkin and Rushton, 1946; Tuck-
well, 1988) for the case in which current flow in the volume
conductor is restricted to an annulus about a cylinder
(Thomson et al., 1995). However, it is not possible to solve
for the quantal potential field without determination of
current flow in the volume conductor. The present work
provides a solution to this problem, enabling evaluation of
the quantal potential field.

Following the discovery of spontaneous miniature end-
plate potentials (MEPPs) by Fatt and Katz (1952) and their
analysis as quantal units of transmitter release (del Castillo
and Katz, 1954), attempts were made to determine the
spatial origin of these within the endplate using one or two
extracellular electrodes (del Castillo and Katz, 1956; Katz
and Miledi, 1965a,b). The conclusion reached was that the
extracellular current generating the MEPP (namely the min-
iature endplate current, or MEPC) was attenuated to one-
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quarter of its amplitude at a site about 10 wm in the
longitudinal direction from the source; thus, if an electrode
was more than 15-20 wm from the source, then the MEPC
was not recorded at all (Katz and Miledi, 1965a,b; Wernig,
1975, 1976; Bennett and Lavidis, 1982). These results were
later confirmed on visualized terminal branches that were in
relative isolation from other branches within a single end-
plate. Furthermore, it was shown that the MEPC declines to
less than one quarter in a distance of about 10 wm in the
transverse direction from the source (Bennett et al., 1986).
Techniques have now been introduced involving the use of
three external electrodes to record the quantal potential field
and a triangulation algorithm applied to the recordings for
the purposes of determining the location of the source of the
field (Zefirov et al., 1990, 1995). This approach has recently
been extended to obtain the amplitude of the quantal poten-
tial at the source (Macleod et al., 1999). Application of this
algorithm requires a knowledge of the relation between the
quantal potential field strength at different distances from
the source. This relation is obtained in the present work and
compared with experimental values of the quantal potential
field strength about different visualized quantal release sites
along amphibian motor-nerve terminal branches.

METHODS
Theoretical

The muscle fiber is taken to be a cylinder of infinite length with circular
cross-section of radius a. Let V' = V(r, 1) be the deviation from resting
potential at time ¢ at the point r; then for r not on the membrane, because
there are no current sources or sinks, V satisfies Laplace’s equation:

V2 = 0. (1)

In cylindrical polars this is
1o/ a +162V+82V o 5
ror\” ar Po a2 T 2)

where the z-axis is taken along the axis of the cylinder. If synaptic
conductance occurs at the point (r, 6, z) = (a, 0, 0) then the boundary
condition at the membrane is (see, e.g., Peskoff and Eisenberg, 1975)

Loy, 1av A v,
R orlew R ar R, S ar

r=a+ Rm

+ I(f) % 8(0)8(z), r=a, (3)

where R, (Qem?) is the membrane resistance, C,, (F cm™2) is the mem-
brane capacitance, R; ({dcm) and R, ((2em) are respectively the intracellular
and extracellular resistivities, V,, = V(r = a—)—V(r = a+) is the mem-
brane potential, /(¢) is the current that mimics synaptic transmission and
5(0)3(z) are Dirac delta functions indicating that this current is applied at
the point 6 = 0, z = 0 on the membrane. The physical interpretation of the
boundary condition (ref{bc}) is that the normal component of current
density is continuous across the membrane and is equal to the sum of the
resistance and capacitance currents crossing the membrane, plus a term
representing the effective current due to the synaptic conductance change.
This term is equivalent to a current source /(¢) at (r, 0, z) = (a—, 0, 0) and
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a current sink of equal strength at (a+, 0, 0). This method of treating a
synaptic conductance change is valid provided the resulting change in
membrane potential is small. The form assumed for this current is a sum of
exponentials:

1) = Iple™ — &P, 4)

where /,, o, and B are constants. The other boundary conditions required
are on r and z. If the muscle fiber is in an infinite volume conductor this
is simply that /' — 0 as r — . If the fiber is enclosed in another
nonconducting coaxial cylinder of radius b > a, the condition is that there
is no current flow in the radial direction across this outer cylinder, so dV/or =
0 for » = b. Similarly, for a cylinder of infinite length, /' — 0 as z — %%, and
for one of finite length with sealed ends it is d//0z = 0 at the ends.

Egs. 2 and 3 are solved numerically, using a three-dimensional cylin-
drical polar mesh with grid spacings 6r, 766, and 8z. Temporal updating on
this mesh is done using the leap-frog algorithm that we have employed in
previous calculations of a similar nature (Bennett et al., 1993, 1999;
Bennett and Gibson, 1995; Henery et al., 1997). Grid spacings used were
about 1 wm near the source. However, because the potential falls off
slowly, particularly parallel to the cylinder axis (z-direction), it was nec-
essary to scale the mesh so that the grid size increased with distance from
the source; in practice, a cubic scaling was found to give good accuracy
while keeping the number of grid points within manageable bounds.

The use of a point source in Eq. 3 means that the exact solution ¥(r, 6,
z) is singular (infinite) at the source point (r, 6, z) = (a, 0, 0). The
numerical solution does not become infinite, but does attain unrealistically
large values close to the source. This is clearly unphysical, being a
consequence of the use of a point source rather than an extended source. It
is therefore important to estimate the minimum distance for which the
solution is still physically meaningful. This is investigated in the Appendix;
the conclusion is that for distances of at least 1 mesh point away from the
source the solution is meaningful. For the grid spacing used (about 1 um
near the source) this does not cause problems, as the measuring electrodes
are always a minimum of several microns away from the point of synaptic
transmission.

Two modifications were made to the basic program. The first was to
allow for the nerve terminal together with its Schwann cell sheath. This
was assumed to have a diameter of about 2 wm, to lie on the surface of the
muscle fiber covering the release point, and to run the full length of the
fiber. To allow for this, the appropriate nodes were removed from the
integration mesh; specifically, the nodes at » = (¢ + 1) um, 6 = —2.29°,
0°, 2.29°, and all z.

A second modification was to take into account the effect of the
T-tubules in the muscle fiber membrane by adding an extra series resis-
tance and capacitance in addition to the usual membrane resistance and
capacitance (Hodgkin and Nakajima, 1972a; Adrian and Almers, 1973; van
der Kloot and Cohen, 1985). Details are not given, because it was found
that the difference caused was small and did not alter any of the conclu-
sions reached on the basis of the simpler model.

Parameter values

Quantal currents were taken as possessing a time to peak of 200 us, an
exponential decay time of 0.9 ms, and a maximum amplitude of 5 nA (at
a temperature of 25°C; see Gage and Armstrong, 1968; Magleby and
Stevens, 1972), leading to the values for /,, a, and 3 in Table 1. The typical
size of the potentials generated near the source of the quantal current fields
in the present work was about 300 wV with the quantal transmembrane
potentials at about 500 wV (Katz and Thesleff, 1957). The value of R,
(including both the surface membrane and the transverse tubular system)
was 5000 Qcem? (Katz, 1966; Hodgkin and Nakajima, 1972a), with an R; of
80 Qcm (Katz, 1966; Hodgkin and Nakajima, 1972a) and R, of 60 Qcm
(Katz, 1966) and a membrane capacity of 1 wF cm ™2 (Katz, 1966; Hodgkin
and Nakajima, 1972b; if the transverse tubular system is included this is
about 6 wF cm™? for a fiber diameter of about 50 um).
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TABLE 1 Values of parameters used
Quantity Symbol Value
Synaptic current (Eq. 4) 1, 6.797 nA
a L1111 ms™!
B 13.655 ms™!
Membrane resistivity R, 5000 Q cm?
Membrane capacitance Cpn 1 uF cm™?
Intracellular resistivity R, 80 O cm
Extracellular resistivity R, 60 Q) cm
Muscle fiber radius a 25 pm

EXPERIMENTAL

All experiments were performed on the iliofibularis muscle
or the m.extl.dig.IV muscle of the toad Bufo marinus.
Animals were sacrificed by double pithing.

Standard fluorescence microscopy and
image processing

The organ bath was constantly perfused at a rate of 3 ml per
minute with frog Ringer: NaCl, 111.2 mM; KCI, 2.5 mM;
NaH,PO,2H,0, 1.5 mM; NaHCO;, 16.3 mM; glucose, 7.8
mM; MgCl, 1.2 mM; bubbled with a gas mixture of 95%
0,/5% CO,. [Ca**], was 0.4 mM for all electrophysiolog-
ical experiments and 1.8 mM for all procedures involving
labeling with FM1-43. Temperature was maintained at
20°C to 22°C. Motor-nerve terminals were labeled with
FM1-43 (Betz et al., 1992) by bathing the preparation in 2
uM FM1-43 in a modified Ringer solution (53.7 mM NaCl,
60 mM KCI) for 5 min. The preparation was washed for a
minimum of 30 min before images were captured. Transil-
lumination using a 50 W incandescent light source was used
alternately with epi-illumination from a 100 W mercury arc
lamp. An Olympus Fluorescein filter set was used to excite
FM1-43 fluorescence, which was observed using a WV-
BP310 Panasonic camera fitted to a BHT Olympus micro-
scope with an Olympus 40 X water immersion objective
(0.7 NA). Photo damage was minimized by stopping down
the aperture iris diaphragm and inserting a 50% NDF in the
excitation light path. Images were acquired using a Scion
Corp LG3 frame-grabber. Pixellation of images was con-
stant at 7.45 pixels per um.

Electrophysiology

Electrophysiological recordings were made using either
three or four microelectrodes in various configurations. The
tips of extracellular electrodes were heat polished to a final
inner diameter of 0.5 to 1.5 wm and then filled with 2 M
NaCl. The intracellular electrode was filled with 3 M KCl
and yielded a resistance of approximately 20 M(). Micro-
electrodes’ tips were placed in two different configurations
with respect to terminal branches: one case involved placing
the electrodes at the points of a rough equilateral triangle no
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more than 8§ wm apart while straddling a nerve terminal
branch; in the other case, the electrodes were placed in a line
at right angles to the terminal branch, with electrodes no
more than 4 um apart and the electrode closest to the branch
no more than 4 wm distant from it. Placements of the
extracellular electrodes observed through transillumination
were made relative to a superimposed image of the FM1-43
stained nerve terminal and their final positions relative to
the FM1-43 blobs were checked using epifluorescence.
When the intracellular electrode was used, the muscle cell
was impaled after all extracellular electrodes were in place,
and both transillumination and epifluorescence were used to
record any relative movements. A video record of the mus-
cle surface and electrodes was made throughout the period
of electrophysiological recording using a low level of tran-
sillumination. A 10-nA negative current was injected
through each electrode while it was in recording position
both before and after recording to check that the tip resis-
tances had remained the same. A separate Axoclamp-2A
amplifier was used for each electrode. Data were collected
using a MacLab/4s data acquisition system, low pass fil-
tered at 5 kHz and digitized at 20 kHz. All negative going
events that were discernible by eye were measured using
Igor Pro. For a set of amplitudes to be accepted as corre-
sponding to the same quantal event, they were required to
occur within 0.5 ms of each other, and all amplitudes were
required to be >2 S.D. of the noise amplitude. Recordings
were rejected for any one of the following reasons: changes
in the bright-field or fluorescence appearance of the termi-
nal; bursting behavior, although a consistently high level of
spontaneous release was accepted; movement of either an
electrode tip or the terminal branch by more than 1 um
during the period of recording.

Determination of current source locations

Data on the relative positions of the microelectrode tips and
the recorded amplitude of events from each electrode allows
the calculation of coordinates for the postsynaptic site of
current generation for each event relative to the electrode
tips. For the triangular configuration of electrodes, Zefirov
et al. (1990) derived a system of equations that provide for
a geometric construction of two overlapping circles in a
rectangular coordinate system whose points of intersection
define two mathematical solutions for each event. The equa-
tions (Eq. 11 in Zefirov et al., 1990) were built into an Excel
spreadsheet that calculated the equations of the circles and
solved for the points of intersection from the data for each
event. It was taken that the voltage attenuates as the recip-
rocal of the distance from the site of quantal current gener-
ation, as shown in the theoretical section below.

For each event, the computerized algorithm provided two
theoretical solutions and an amplitude based on the location
of each. If we accept the mathematical solutions closest to
the center of the three electrodes for every event, the am-
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plitudes associated with these solutions will be the smallest
amplitudes. Not all of the solutions in this group will be
correct, as some of the events detected will have been events
with a large amplitude outside the triangle defined by the
electrodes. However, the correct amplitude will be deter-
mined for all events that occurred within the electrodes,
some of which will be large amplitude events. The rejection
criterion is as follows: if for each event, the amplitude
associated with one of the mathematical solutions is >2
S.D. above the mean of the smallest amplitudes, that solu-
tion can be rejected as being improbable; if the other solu-
tion has an amplitude below this value, it can be accepted.
If neither or both amplitudes are above this value, both
solutions, and hence the event, is rejected. It is important to
remember that most of the events, because of the small
radius of detection of each electrode, are likely to have
occurred within the electrodes.

The validity of this procedure was tested by using a
fourth microelectrode to record the quantal events intracel-
lularly at a location within 20 wm of the three extracellular
electrodes. All movements of the preparation and electrode
tips during the period of recording were corrected for by the
computerized algorithm. The video record was used to
confirm that electrode or preparation drift was uniform over
the recording period. Numerous simulated data sets were
processed to test the ability of the algorithm to reproduce
two-dimensional maps, calculate the correct amplitude for
events, and correct for terminal and electrode drift. Such
simulations also allowed determinations of the quality of the
spatial resolution, which is about 0.36 um (see Fig. 3 in
Macleod et al., 1999).

RESULTS
Theoretical

Numerical solutions for the distribution of current in the
extracellular space about the site of a quantal release onto a
muscle fiber of 50 wm diameter show that the current
density falls off rapidly in the longitudinal direction (the z
coordinate) at the surface of the fiber along a line that passes
through the site of quantal release (that is, the 6 coordinate
equals zero). The current density is very low at z values of
about 10 pum at different times during the increase and
decrease in this current field that accompanies the actions of
the quantum on the fiber. Determination of the current
density in the circumferential direction around the fiber
from the site of quantal release shows that it also falls off
rapidly with 6. Quantitative determinations of the trans-
membrane currents and voltages arising during a quantal
event were ascertained. The time course of the transmem-
brane potential (V,,,) and current (/) changes at different
distances along the fiber from the site of quantal release are
given in Fig. 1, 4 and B, for 6 = 0. The peak values of the
transmembrane potential falls off approximately exponen-
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tially with distance along the length of the fiber, at 6 = 0,
with a length constant of about 1700 um (Fig. 1 C). The
peak value of the transmembrane current falls even more
rapidly with distance, though not exponentially (Fig. 1 D).
In the circumferential direction the peak of the transmem-
brane potential falls to an approximately constant value at
0 = 60° (Fig. 1 E) as does that of the transmembrane current
density (Fig. 1 F).

Quantitative determinations were also made of the extra-
cellular voltages arising during a quantal event (Fig. 2) in
order to compare the predictions of the numerical model
with the experimental determinations of the size of the
extracellular quantal voltage fields using different configu-
rations of three extracellular electrodes (see below). It was
therefore necessary to calculate the size of the fields for a
range of values of the cylindrical coordinates used. Fig. 2
gives the quantitative values for the size of the peak extra-
cellular quantal voltages (V,) along the length of the fiber
for different heights above the surface of the muscle (%), in
the range from 0 to 6.38 um (Fig. 2 B). Also given are the
values for the size of the peak extracellular quantal voltage
for different displacements in the circumferential direction
(0) and for different heights above the surface of the fiber /
(Fig. 2 C). There is a steep decrease in V7, of about 85%, as
z, a0, and & independently increase in the range 1 to 6.4 um
about the origin (Fig. 2, B and C).

The details of how the extracellular quantal voltage
changes within 50 um of a quantal release, both in the
longitudinal and circumferential directions, are given for the
surface of the muscle fiber in Fig. 3 4 and for positions 1
um above the surface of the fiber in Fig. 3 C, using log-log
coordinates. At the surface of the fiber (Fig. 3 A), the
extracellular voltage declines almost linearly in these coor-
dinates for z greater than about 4 uwm and for 6 less than
about 5° (corresponding to a distance of about 2.2 wm).
Furthermore, this decline has a gradient close to —1 (the
exact gradient of —1 is given by the fine broken lines in Fig.
3), indicating that in this range the extracellular potential
declines approximately as the inverse of the distance from
the source. A similar, approximately linear range is obtained
when recordings are made about 1 wm above the surface of
the fiber (Fig. 3 C). If a linear relation of gradient —1 in
log-log coordinates is to be assumed for the interpretation of
the measurements of extracellular quantal voltages, then it is
important to maintain the extracellular recording electrodes
at <1 wm above the surface of the muscle fiber if possible,
without touching it, and for electrodes to be positioned at
least 4 wm from the quantal source.

The calculations above do not take into account the fact
that quantal release sites are on terminal branches that are
mostly encased in Schwann cell. In this case, the current
generated by the quantum of transmitter acting on the re-
ceptor patch beneath the release site will be excluded from
the volume occupied by the overlying terminal branch and
associated Schwann cell. To determine the effects of this,
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Transmembrane quantal potentials and currents following a quantal release at time t = 0 at the point 6§ = 0,z = 0. 4 and B give, respectively,

the membrane potential 7, and membrane current density /,, (calculated as I, = V, /R, + Cpqvn/d?) as functions of time for # = 0 and for selected values
of z. Also shown in 4 is the input current /(f) (upper broken line); no scale is given for /(7), but its peak is 5 nA. C and D give, respectively, the peak values
attained by V,,, and by [, at distance z along the length of the fiber for # = 0. E and F give, respectively, the peak values attained by V,,, and by /,,, at angle
0 around the fiber for z = 0. In all cases, potentials and currents are shown at points no closer than 1 wm to the source; at closer distances the calculated
values are not physically meaningful because of the singularity at the source point (see Appendix).

current was excluded from a cylindrical volume 2 um in
diameter positioned with center at 6 = 0 and # = 1 um. The
distortion of the extracellular quantal current lines about the
release site at different times after the release of a quantum
was determined. These distortions have the effect of slightly
increasing the size of the quantal potential field up to 4 um
from the source and of maintaining the field strength with-
out much diminution within this 4-pwm range (compare Fig.
3, B and D, with Fig. 3, 4 and C). However, a nearly linear
relation of gradient —1 between the logarithm of the extra-
cellular quantal potential and the logarithm of the distance
from the source still remains beyond about 4 um from the
source in the longitudinal direction for 6 values less than
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about 9° and for heights above the surface of between 0 and
1 wm (Fig. 3, B and D). There is little difference in the size
of the voltage field for distances greater than about 10 um
if allowance is made for the exclusion of the current from
the volume occupied by the terminal branch and its encasing
Schwann (compare Fig. 4 with Fig. 2).

Experimental

The quantal potential fields were measured with different
configurations of three external microelectrodes about ter-
minal branches that were visualized by prior staining with
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FIGURE 2 The magnitude of the extracellular quantal potential field,
V., = —V,, following a quantal release at time # = 0 at the point § = 0,
z = 0. 4 gives the extracellular potential ¥ as a function of time for 6 =
0 and for selected values of z. B shows the peak values attained by V, for
0 = 0 at distance z along the fiber and at selected distances / from the fiber
surface (2 = 0 corresponds to the surface). C shows the peak values
attained by V, for z = 0 at angle 6 around the fiber and at selected
distances 4 from the fiber surface.

the styryl dye FM1-43 (Fig. 5 A). Three simultaneous
recordings were therefore taken of the electrical signs of a
quantal release within the field of recording of the three
external electrodes, whether the quanta were generated
spontaneously (Fig. 5, Ba and Bb) or after nerve stimulation
(Fig. 5 Bc). The first configuration of the three extracellular
electrodes involved their placement at <1 um above the
surface of the muscle fiber and in a line at right angles to a
release site region delineated by a blob of FM1-43 staining;
the electrodes were situated about 4 pum apart with the
electrode closest to the release site separated from its center
by approximately 2.5 to 3 um or more (Fig. 6 A). This
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configuration allowed estimates to be made of how the
quantal potential field declines in the circumferential direc-
tion. Fig. 6 B shows that for a series of quantal releases,
involving the three largest quantal fields measured by the
electrode closest to the release site, there is in each case an
approximate linear relation of gradient —1 between log-
(MEPP amplitude; V) and log(distance), although some
positive curvature is evident. Three additional experiments
of the kind shown in Fig. 6 were performed. The average
value of the highest estimates of the gradient for each of
three MEPPs in any one experiment was determined, yield-
ing an average of this value over the three experiments of
0.99 = 0.02.

The second configuration of electrodes consisted of these
placed in a triangular array about the release sites of a
terminal branch and separated from each other by about 5
pum (Fig. 5, 4 and C). In this case the triangulation algo-
rithm described in Methods could be applied to the recorded
excitatory postsynaptic potentials (EPSPs, Fig. 7 C) and this
used to ascertain the site of release of a quantum, based on
the assumption that a linear relation of gradient —1 exists
between log(MEPP amplitude; V) and the logarithm of the
distance between an electrode and site of release of the
quantum. Comparison between the sites of quantal release
along a terminal branch predicted by this method (Fig. 7 B)
and the position of such sites determined by staining with
FM1-43 (Fig. 7 A) showed that the former agreed with the
latter. Both EPSPs and MEPPs were observed to originate
exclusively from the regions of the nerve terminal that
contained FM1-43 blobs in all experiments (16 blobs on 7
terminal branches), so that all release was from within these
regions and there was no release between such regions.

This provided some independent evidence for the quan-
titative relation between the logarithm of the size of the
quantal potential field and the logarithm of the distance
from the origin of the field, ascertained both theoretically
and experimentally above. The observations suggest that the
departure from linearity of this relation observed both the-
oretically and experimentally is not so great as to produce
major errors.

Fig. 8 shows, for comparison, experimentally recorded
potentials together with the corresponding potentials calcu-
lated numerically. Fig. 8, 4 and C, show experimental
MEPPs recorded intracellularly and extracellularly, respec-
tively; B and D give the corresponding calculated wave-
forms. The good agreement provides further confirmation
for the accuracy of the present theory.

DISCUSSION

Cable properties and the quantal current field in
a volume conductor

Several inquiries have been made concerning the current
field strength inside a spherical neuron and in the syncytial
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FIGURE 3 The magnitude of the extracellular quantal potential field, V., following a quantal release at time # = 0 at the point 6 = 0, z = 0, in the
absence (4 and C) and in the presence (B and D) of an overlying terminal branch and its associated Schwann cell covering (log-log plots). 4 shows the
peak attained by |V,| at the surface of the muscle fiber as a function of the distance z along the fiber and for selected angles 6 around the circumference
of the fiber. B shows the same as in 4, but in the presence of the terminal. C and D repeat 4 and B, respectively, except that ¥, is given at a distance
of 1 um above the surface of the muscle fiber. In B and D the terminal excludes values of 6§ < about 3°. In each panel the fine broken straight line indicates

a gradient of —1.

bidomain of smooth muscle and cardiac muscle. Eisenberg
and his colleagues have considered the problem of how
current flows from a point source in a spherical cell to give
rise to changes in the resting membrane potential (Engel et
al., 1972). The convergence of current results in a non-
uniform spatial variation of the membrane potential, with a
steep gradient of potential near the current source that
reaches a steady state with a time constant much smaller
than the membrane time constant. A similar phenomenon
occurs if the current source is at the membrane, as shown in
the present work, although in the idealization of the physical
situation modeled here, the membrane potential very near
the source goes to infinity as the current lines are forced to
condense into a very small area at the current source and
sink.

Previous attempts have been made to determine the rela-
tion between the excitatory junction potential recorded with
a loose-patch electrode placed over a sympathetic varicosity
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and the underlying current. This involves solving the time-
dependent equations relating voltage and current in a three-
dimensional syncytium of smooth muscle following a point
source current injection into a syncytium, using the bido-
main model of the electrical syncytium (Engel et al., 1972;
Muler and Markin, 1977; Peskoff, 1979a,b; Tung, 1979).
However, the bidomain equations describe a situation in
which two domains, the intracellular and extracellular, are
superimposed in the same region of space. Furthermore,
they do not consider the case of the syncytial bidomain in a
volume conductor, so that no solution is offered to the
problem of how current flows in the three dimensions about
a current source.

Properties of the quantal potential field

An approximately inverse relation was found to exist be-
tween the size of the quantal potential field at different
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FIGURE 4 The magnitude of the extracellular quantal potential field V,
following a quantal release at time ¢+ = 0 at the point # = 0, z = 0 in the
presence of an overlying terminal branch and its associated Schwann cell
covering. 4 shows the peak values attained by ¥, for 6 = 0 at distance z
along the fiber and at selected distances /4 from the fiber surface (4 = 0
corresponds to the surface but because of the terminal only values for # >
2 wm are meaningful for 6 = 0). B shows the peak values attained by V,
for z = 0 at angle 6 around the fiber and at selected distances / from the
fiber surface. (For 4 <2 um, only values for 6 > about 3° are meaningful.)

distances from its source; that is, the gradient of the log of
the magnitude of the potential field (¥,) when plotted
against the log of the distance (d) from the source was
approximately —1.0 at distances greater than a few microns
from the source. (It is interesting in this regard to note that
the solution of Laplace’s equation in spherical coordinates
in the absence of any obstruction also gives a 1/d relation.)
However, as has been noted, there is positive curvature in
this relation until 10 wm beyond the source. Zefirov et al.
(1990) obtained theoretically a 1/d falloff in the potential by
modeling current release on an infinite plane membrane (see
also the Appendix to this paper). However, it is not a priori
evident that their result is applicable in the case of a cylin-
drical membrane; indeed, the present calculation shows that
the 1/d falloff is only approximately true and then only over
a limited, though physiologically significant, range of val-
ues of d. In the experimental work, a comparison was made
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between the predictions of the position of these sources
based on the inverse relation and independent verification of
these positions using FM1-43 staining. Given this inverse
relation, Fig. 3 D shows that an electrode placed 1 wm
above the surface of a muscle fiber and about 2 uwm in the
circumferential direction from the site of a quantal release
might record a quantal potential field value (V) of about
200 wV; this then attenuates to about 40 wV in a longitu-
dinal distance of 10 wm, that is to one-quarter over this
distance. Larger quantal events will, of course, attenuate at
the same rate. This rate of attenuation is the same as that
measured experimentally by a number of different authors
(Katz and Miledi, 1965a,b; Wernig, 1975, 1976; Bennett
and Lavidis, 1982), as mentioned in the Introduction. A
quantal potential field of about 20 wV could just be detected
with an appropriate noise level, which according to Fig. 3
will occur at 20 wm from the source of a quantal event. This
agrees with the experimental work that shows that if an
electrode is more than 15 to 20 wm from the source, then the
MEPC is not recorded at all (Katz and Miledi, 1965a,b;
Wernig, 1975, 1976; Bennett and Lavidis, 1982).

Combined intracellular and extracellular
electrode determinations of quantal
potential fields

The technique of locating the origins of MEPPs with two
intracellular electrodes placed so that they straddle the end-
plate in the longitudinal direction was introduced by Gun-
derson et al. (1981). This approach was subsequently used
by others for the purpose of determining if non-uniformities
exist in the frequency and amplitude of MEPPs at different
sites within the endplate (Tremblay et al., 1984; D’Alonzo
and Grinnell, 1985; van der Kloot and Cohen, 1985; Robi-
taille et al., 1987; Robitaille and Tremblay, 1989). The
technique involves comparing either the peak sizes of the
MEPPs or their voltage-time integrals as recorded by each
of the intracellular electrodes. The information from these
measurements, together with a determination of the length
constant of the fibers using brief current pulses, is then
utilized in the standard cable equations (Jack et al., 1975) to
give estimates of the positions of single quantal releases.
Recently, van der Kloot and Naves (1996) used the two
intracellular electrode approach to record MEPPs and as-
certain their site of generation while at the same time
recording the quantal releases with an extracellular elec-
trode. By matching those MEPPs that were simultaneously
recorded with the intracellular and extracellular electrodes,
an estimate could be made of the distances over which the
extracellular electrode could record a MEPP originating at
different sites. In this way determinations were made of the
extent of the quantal potential field along the length of the
muscle fiber that were of the order of several hundreds of
microns. These results are at least an order of magnitude
greater than previous estimates of the extent of the quantal
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FIGURE 5 Experimental determination of the point of origin and amplitude of a quantal event. 4 shows a schematic representation of the recording
positions for three extracellular microelectrodes relative to a motor nerve terminal branch. The position of the terminal is shown by the black spots that
indicate discrete clusters of vesicles revealed through FM1-43 staining (blobs). B gives three extracellular electrode traces showing a miniature endplate
potential (MEPP) that occurs within the radius of detection of the extracellular electrodes (Ba), and a MEPP outside this radius (Bb). In Bc, a stimulus to
the nerve trunk evokes an endplate potential (EPP) from within the radius of detection. In Ba, the amplitude of the MEPP as measured by each electrode
is 0.109, 0.183, and 0.197 mV, respectively. The ratio of these amplitudes yields a ratio of distances, from the electrodes to the source of the MEPP, of
1.68:1.00:0.93 respectively, assuming that the MEPP amplitude recorded at each microelectrode is inversely proportional to its distance from the source
of the MEPP (see text). Ca illustrates one possible location for the source of the MEPP at the intersection of three circles with radii in the ratio of 1.68:1:0.93
centered on the electrodes. (The axes, x and y, define the spatial dimensions in the plane of the three electrode tips, which are indicated by the dots.) Ch
illustrates the second possible location at the intersection of the three circles whose radii are also in the ratio 1.68:1:0.93. Cc shows another approach for
determining the source of the MEPP. This involves calculating the locus of possible source locations determined by consideration of the MEPPs recorded
by just two microelectrodes in turn. The intersection of the two sets of loci gives two solutions to the problem, in the same way as the approach illustrated
in Ca and Cb. Further criteria must be used to decide which of the two solutions is correct. The assumption that the event amplitude recorded at each
microelectrode is inversely proportional to the distance from the source of the event allows an estimate to be made of the amplitude of an event as it would
be measured at a distance of 1 wm from the site of its generation. In this case the amplitude of solution 1 is 0.76 mV while solution 2 is 1.49 mV (Cd).
The criterion for discriminating the most probable solution is formalized in the Methods section.
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FIGURE 6 Experimental measurement of extracellular quantal potential
fields in the vicinity of release sites of a terminal branch. 4 shows the tips
of three extracellular electrodes placed in a configuration at right angles to
a terminal branch and opposite release sites delineated by FM1-43 stain-
ing; the distances between each electrode is about 4 wm with the electrode
closest to the release site at a distance of about 2.5 wm. B gives the relation
between the logarithm of the peak amplitude of a MEPP recorded with
each of the three electrodes and the logarithm of their distance away from
the release site in 4. Only the recordings that gave the largest MEPP sizes
and the steepest gradients when plotted on these coordinates were used;
these had a gradient of about —1.

potential field or those of the present work (Katz and
Miledi, 1965a,b; Wernig, 1975, 1976; Bennett and Lavidis,
1982). One explanation for these discrepancies relates to the
size of the volume conductor, that is, to the height of the
solution bathing the nerve terminal above the nerve termi-
nal. As this decreases, the quantal current field is extended
in the longitudinal (z) direction. The relation between the
depth of the solution bathing the nerve terminal and the
longitudinal spread of the quantal voltage field is shown in
Fig. 9. Once the solution depth is reduced to about 50 wm,
the longitudinal field is such that MEPCs of 20 wV can be
recorded at distances of several hundred microns from the
source.

CONCLUSION

Solutions have been obtained for the equations describing
the potential field generated in a volume conductor around
a synapse after the release of a quantum of transmitter.
These show that the field declines approximately as the
inverse of the distance from the source at distances greater
than about 4 um, so that the field is severely attenuated
within about 10 wm from the source. This result has been
vindicated experimentally using three external electrodes to
record the MEPCs. The degree of attenuation of the field
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FIGURE 7 Experimental comparison between the sites of quantal re-
lease determined by electrical means and that using FM1-43 staining. 4
shows a terminal branch with release sites delineated by the blobs of
FM1-43 staining; the positions of the three extracellular electrodes with
respect to the terminal branch are indicated by filled circles. B gives the
sites of quantal release determined using a triangulation algorithm based on
the inverse relation between the amplitude of the quantal potential field
about a release site and the distance from the site; the high frequencies of
quantal release coincide with the centers of the FM1-43 stained blob in 4;
only sites of quantal release determined as falling within the triangle have
been plotted. C shows examples of simultaneous recordings made with the
three extracellular electrodes of a single MEPP.
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FIGURE 8 Comparison of experimental and theoretical waveforms. 4 shows a typical experimental MEPP recorded with an intracellular electrode and
B gives the calculated intracellular MEPP potential at three different distances from the release site. C shows three experimental MEPPs as recorded with
an extracellular electrode and D gives the calculated extracellular MEPP at three different distances from the release site. In each case, the experimental

and theoretical graphs are scaled identically to facilitate comparison.

can be modified by changing the extent of the volume
conductor.

APPENDIX: Effect of finite source size.

Eq. 3 mimics synaptic transmission by a point current source placed at the
point (r, 6, z) = (a, 0, 0). A consequence of this is that the exact solution
to Egs. 2 and 3 is infinite at this point. (See chapter 5 of Jack et al. (1975)
for a discussion of this effect in physiological systems. More generally, it
is related to the fact that the Green’s function for diffusion in more than one
dimension is singular; see, e.g., Morse and Feshbach, 1953.) The numerical
solution to Eqs. 2 and 3 is finite everywhere, but is unrealistically large at
the source point, where its magnitude depends on the spacing used in the
integration grid.

These problems arise because a physically extended source, the receptor
patch, has been idealized to a point. To investigate the validity of this
approximation it is desirable to compare the solutions for an extended
source and for a point source. Such a comparison is not feasible for the
cylinder case, but it is for the simpler case of a plane membrane. Specif-
ically, we solve analytically the problem of synaptic transmission from an
extended source on a infinite plane membrane and compare this solution
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with the analytic solution for a point source and with the numerical solution
for a point source.

The plane membrane is taken to lie in the plane z = 0 and separate the
space into exterior (z > 0) and interior (z < 0) regions. Eq. 1 is

PV
+.5=0, z#0. (5)

022 ]

v

PR 9*

0V

We are interested only in the steady-state solution and Eq. 3 is replaced by
19V

Ri Jz

1 oV
z=0— B Re Jz

m

v,
:_*‘F[(XJ) (6)

z=0+ Rm

where /(x, y) is the extended current source, taken to be a constant current
with a spatial profile given by the Gaussian

1
I(xsy) = I()Wexp(_pz/zol)’ (7)

where p = Vx*> + )7 and o is a parameter determining the spatial spread.
In the limit ¢ — 0, I(x, y) — [,6(x)8(y), which is the point-source case.
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FIGURE 9 The effect of decreasing the size of the volume conductor on
the extracellular quantal potential field V. The muscle fiber is contained in
another coaxial cylinder of radius b > a with extracellular fluid in the
region a < r < b. Shown are the peak values attained by ¥, for 6 = 0 at
distance z along the fiber and at its surface for selected values of b in the
range from 5 to 200 wm. Also shown is the unrestricted case (lower broken
line).

Egs. 5 and 6, with input current Eq. 7 can be solved exactly using, for
example, Hankel transform methods (Carrier et al., 1966). The result for
the membrane potential is

I, * 1
Vo) = 5 R+ R | Ulp0) 4 exp(=Lide
0

®)

where u = (R; + R.)/R,, and J,,(x) is a Bessel function of order zero. (For
o =0, Eq. 8 is related to a result of Zefirov et al., 1990.) Since u<<1, for
small o Eq. 8 can be approximated at the source point p = 0 by

1, a1
Vm(o) = ZT (Rl + Re) \/;0_ (9)

showing that the membrane potential diverges as 1/o as 0 — 0.

Fig. 10 shows V,,(p) as a function of p for various values of . The solid
line is the point-source case; broken lines are for o = 1, 2, and 5 um. It is
seen that in each case the broken lines and the solid line are very close for
all distances p > o, but deviate considerably for smaller distances. This
means that the analytic point-source solution is a good approximation to
the extended source case for distances of at least o from the center of the
source. Also shown are the results of numerical calculations of the mem-
brane potential due to the point source, using various grid spacings .
These show that & performs much the same function in the numerical case
as o did in the analytic case, and the numerical results should be mean-
ingful for p > 6.

These results are for a simplified model (plane membrane, constant
current input), but there seems to be no reason why the cylindrical case,
even for a time-dependent input, should not exhibit a similar relation
between the extended source and the point source cases. The figures in this
paper show potentials to within one grid spacing of the source; however, in
the applications to the experimental cases only data calculated at distances
of several grid points away is needed, so it is expected that there is
negligible error resulting from the point-source idealization.
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Membrane potential (mV)

Distance p (um)

FIGURE 10 The membrane potential due to an extended source as a
function of distance from the source. The source has the Gaussian profile
given by Eq. 7 and is centered at the point (x, y, z) = (0, 0, 0) on a flat
membrane of infinite extent occupying the plane z = 0. /, = 1 nA and the
rest of the parameters are as in Table 1. The solid line gives the membrane
potential for a point source (o0 = 0); the broken lines are for extended
sources of various sizes (o > 0), calculated using Eq. 8. The symbols give
the results of numerical calculations, using a point source and various grid
sizes, as specified by the initial grid spacing 8. (Because an expanding grid
is used, & increases with distance from the source.)
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