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SUMMARY

1. In the jellyfish Aglantha digitale escape swimming is mediated by the
nearly synchronous activity of eight giant motor axons which make direct
synaptic contact with contractile myoepithelial cells on the under-surface of
the body wall. The delay in transmission at these synapses was 0-7 £ 0-1ms
(%s.p.; N =6) at 12°C as measured from intracellular records. Transmission
depended on the presence of Ca?* in the bathing medium. It was not blocked
by increasing the level of Mg?* to 127 mmol 11,

2. The myoepithelium is a thin sheet of electrically coupled cells and
injection of current at one point was found to depolarize the surrounding
cells. The potential change declined with distance from the current source as
expected for two-dimensional current spread. The two-dimensional space
constant (A) was 770 um for current flow in the circular direction and 177 um
for radial flow. The internal resistance of the epithelium (178-201 £cm) and
the membrane time constant (5-10ms) were direction independent. No
propagated epithelial action potentials were observed.

3. Spontaneojs miniature synaptic potentials of similar amplitude and
rise-time were recorded intracellularly at distances of up to 1 mm from the
motor giant axon. Ultrastructural evidence confirms that neuro-myoepi-
thelial synapses also occur away from the giant axons. It is likely that synaptic
sites are widespread in the myoepithelium, probably associated with the
lateral motor neurones as well as the giant axons. Local stimulation of lateral
motor neurones generally produced contraction in distinct fields. We suppose
that stimulation of a single motor giant axon excites a whole population of
lateral motor neurones and hence a broad area of the myoepithelium.

INTRODUCTION

Aglantha digitale is a hydrozoan medusa with a rapid escape swimming response
which consists of multiple contractions of the entire bell-shaped subumbrellar muscle
sheet or myoepithelium. This behaviour, which is unusual in jellyfish, can be
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attributed to the specialized neuromuscular organization in Aglantha. There are eight
motor giant axons (~40 um diameter) which run up the inside of the bell and which
are excited in rapid succession when the medusa is stimulated mechanically (Singla,
1978; Donaldson, Mackie & Roberts, 1980; Roberts & Mackie, 1980). The motor
giant axons provide a pathway for the rapid radial conduction of excitation and they
make numerous synapses onto the myoepithelium. These synapses are unusual in that
it is possible to record intracellularly at both pre- and postsynaptic sites.

In this paper we describe neuromuscular transmission at these giant motor axon to
myoepithelial cell synapses during fast (escape) contraction and give details of the way
in which excitation spreads between the motor giant axons. We present evidence for
the participation of fine lateral motor neurones which appear to innervate the
myoepithelium in distinct fields. Escape swimming can be attributed to the concerted
action of the entire population of these neurones each of which produces the
contraction of a small area of myoepithelium.

METHODS

Specimens of Aglantha digitale were taken from surface water at the dock of the
Friday Harbor Laboratories, Washington, U.S.A., and kept in fresh flowing sea
water at 12-15°C for up to 3 days. Other experiments were carried out at the
University of Victoria, British Columbia, Canada, and there the animals were, in
most cases, caught locally using a 500-um mesh net with a Reeve end. The net was
pulled vertically from a depth of 120 m at a rate of approximately 6 m min™". Animals
were transferred to sea water (taken from a depth of 100 m) and kept at 6 °C for periods
of up to 3 days.

The experimental preparation consisted of a single bell, slit up one side and with the
apex removed. In many experiments the margin (with the ring giant axon) was also
removed and the preparation became a ‘strip’ of myoepithelium separated into octants
by the motor giant axons. The myoepithelium was covered with sea water at 12-15°C,
illuminated from below and carefully pinned flat to a layer of Sylgard in a transparent
dish with cactus (Opuntia) spines. Intracellular recording was carried out using
3mol 17! KCl-filled glass pipettes with resistances of 40-50 MQ and individual axons
were stimulated by using brief current pulses from a bipolar stainless-steel electrode.
For intracellular current injection, thin-walled glass tubing was used to make 3 mol 1!
KCl-filled glass micropipettes with resistances of 10—15MQ. In many experiments
the preparation was immobilized by adding MgCl; to the bathing medium. A solution
containing 127 mmol 1”! Mg?* was found to prevent contraction in Aglantha without
significantly affecting the electrical activity associated with escape swimming
recorded in either the motor giant axon or the nearby myoepithelium (Fig. 1).
However 70 mmol1~! Mg?* does block low potential Ca®* activation (associated
with slow swimming; see Mackie & Meech, 1985) and so this is excluded from
consideration here.

Anatomical observations were made on living tissue using a Zeiss microscope
equipped with Normarski differential interference contrast optics and attached
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camera lucida. For electron microscopy, medusae were immobilized in isotonic
MgCl, (675 g17") diluted with an equal volume of sea water. The material was fixed
in 2:5% glutaraldehyde in 0-4 mol1~! Millonig’s phosphate buffer for 1h at room
temperature. [t was rinsed in the same buffer, post-fixed in 1 % osmium tetroxide in
phosphate buffer for 1h at 4°C, dehydrated through a graded series of ethanol and
propylene oxide and embedded in Epon 812. Thin sections were stained with uranyl
acetate and lead citrate.

The lanthanum technique for gap junctions introduced by Revel & Karnovsky
(1967) was modified to minimize swelling in Aglantha. The immobilized material was

A NSW 127 mmol 1! Mg+
omv[ \/
. _J - _J
ed
10 ms 2 ms 2 ms
B NSW
v
40mV [
20 ms 4ms

127 mmol 17! Mg2*

40mV[

ot e
10 ms 4ms

Fig. 1. Intracellular records from motor giant axon (A) and the nearby myoepithelium (B) to show
the effect of 127 mmol1~! Mg?* sea water. External stimulation elicited an action potential in the
motor giant axon and a postsynaptic potential in the myoepithelium. Note the prolonged depolarizing
afterpotential which follows the axon spike in A and the muscle spike which rides on top of the
postsynaptic potential in B. The myoepithelial response recorded in normal sea water (NSW) in B is
more irregular than that recorded in high magnesium sea water because of contraction of the
myoepithelium (arrowhead). The records have been retouched where necessary to show sharply
rising and falling phases. Resting potentials: A, =56 mV, —66mV, —55mV; B, —68 mV, —78 mV,
—86mV, ~74mV.
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fixed for 24 h at room temperature in a mixture containing 50 % glutaraldehyde, 1
part; 0:3 mol1™! sodium chloride, 7 parts; 0-2mol ! cacodylate buffer, 8 parts; 4 %
colloidal lanthanum hydroxide (prepared from lanthanum nitrate, Revel &
Karnovsky, 1967), 4 parts; and 55 mg calcium chloride per 100 ml of the fixative. This
was followed by three rinses of 20 min each in a mixture of 0-6 moll™" sodium
chloride, 3 parts; 0-2 mol 17! cacodylate buffer, 3 parts; and 4 % colloidal lanthanum,
2 parts. The samples were post-fixed for 3h at room temperature in a mixture of
osmium tetroxide, 1 part; 0-2moll™! cacodylate buffer, 2 parts; and 4% colloidal
lanthanum, 1 part. The material was rinsed as above, dehydrated up to 50 % ethanol
and stained, en bloc, for 1 h at room temperature in a mixture containing absolute
ethanol, 50 ml; double distilled water, 24 ml; 4 % colloidal lanthanum, 25 ml; and
uranyl acetate, 1 gm. In all solutions 9 % sucrose was added to adjust the osmolarity.
The material was dehydrated quickly through a series of ethanol and propylene oxide
and embedded in Epon 812. Thin sections were studied with a Philips EM 300
electron microscope without staining.

RESULTS
Anatomy

The neuromuscular system of Aglantha has been studied by electron microscopy
(Singla, 1978) and interference light microscopy of living specimens (Roberts &
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Fig. 2. Diagram of part of the subumbrella myvepithelium near a motor giant axon (MoG) which
runs from the margin towards the apex of the bell (i.e. radially) over the muscle tails of the
myoepithelial cells. The muscle tails run in a circular direction and are shown by the vertical
striations. An isolated myoepithelial cell is shown at the bottom of the figure to clarify its structure.
The cell body is elongated in the radial direction. A small bundle of fine axons with somata run parallel
to the motor giant axon. The lateral motor neurone (Lat. mn.) has a principal circumferential axon
(which makes contact with the motor giant axon) and finer radial branches. Its cell body is
100—-500 um from the motor giant axon.
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Mackie, 1980). The main features of the region of the subumbrella around each motor
giant axon are shown in Fig. 2. The subumbrella myoepithelium is one cell thick and
made up of radially elongated cell bodies with underlying striated muscle tails
oriented in a circular direction. In cells separated by maceration, muscle tails were
500-600 um long. The myoepithelium is innervated by eight motor giant axons which
run radially up the bell from the margin. Neuromuscular synapses occur along the
whole length of these axons and make direct contact with the myoepithelial cells (Fig.
3A). Injection of Lucifer Yellow into individual giant axons has shown that they are
dye coupled to lateral motor neurones (Weber, Singla & Kerfoot, 1982).

Lateral motor neurones (Figs 2 and 4) lie between the cell bodies and the muscle
tails of the myoepithelium. In an animal with a bell height of 8:8 mm, lateral processes
emerged from a motor giant at intervals ranging from 140-800 ym (mean, 350 um)
although some closer intervals were seen in other specimens. Lateral motor neurones
have cell bodies which are 11-16 um across and a principal axon 2—4 um in diameter
which runs from the motor giant axon in a direction parallel to the circular muscle
tails. In a fresh preparation these axons could be traced for at least 1 mm acrossa 2 mm
octant; occasionally they could be followed as far as, even beyond, the adjacent motor
giant axon. In many preparations radial branches (1-2 um in diameter) were visible
(Fig. 4) and these ran approximately parallel to the motor giant axons for about
400 um; they had a mean spacing of 137 + 69-4 um (S.D.; N = 25). Some of the fine
branches were near the resolution limit of the method. Other branches appeared to
end abruptly but it is possible that they continued at a lower level. Examples of visible
overlap between adjacent lateral neurones were common, particularly in the circular
direction (Fig. 4B) but it is not known whether apparent contact sites correspond to
transmission sites. Synapses between fine axons and myoepithelial cells were found
well away from the motor giants (Fig. 3B) and we assume that the lateral motor
neurones make multiple synapses onto the myoepithelial cells along their whole
length.

Sections of myoepithelium prepared for electron microscopy showed junctions
between the myoepithelial cell bodies (Fig. 5A). These myoepithelial junctions had a
typical gap-junction structure when fixed in lanthanum-containing solution (Fig.
5B). There were also junctions between the motor giant axon and the myoepithelium
(Fig. 3A) which were similar in appearance to the myoepithelial junctions but it was
not possible to find whether they had a true gap-junction structure because lanthanum
failed to penetrate beyond the myoepithelial layer. These findings are summarized in
Table 1.

Physiology
Current spread in the myoepithelium
In Aglantha the myoepithelial cells are dye-coupled, and there are gap junctions
between the cell bodies (Singla, 1978; and Fig. 5). Gap junctions are thought to be the

site of a low resistance current pathway between cells (Barr, Dewey & Berger, 1965;
Payton, Bennett & Pappas, 1969) and Fig. 6 shows that the cells are indeed electrically
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coupled. Current injection into one cell produced a voltage change in surrounding
cells which was a linear function of injected current over a wide range (Fig. 7).

Fig. 4. Camera lucida drawings from living specimens showing lateral motor neurones and giant
motor axons in the myoepithelium of the subumbrella. The motor giant axons run radially from the
margin (bottom) towards the apex (top) and are usually about 2 mm apart. Drawings from different
preparations (A to E) have been aligned as if they formed part of a single octant between two giant
motor axons (large black profiles). (A) Part of a lateral motor neurone with an obvious soma and many
radial branches (mean spacing 65 um). Asterisk marks a radial axon from another lateral motor
neurone. (B) Three lateral motor neurones, two of which show overlap of axons in the central region of
the octant. Most of the radial branches and cell somata were omitted. (C) A lateral motor neurone with
an obvious soma where all the radial branches were drawn. (D) Parts of two lateral motor neurones
near the margin showing overlap of radial branches. The upper lateral motor neurone extends across
the central region of the octant. (Dashed lines were not on the original drawing.) (E) Illustrates the
way in which lateral motor neurones contact the giant motor neurone in the region near the apex.
Radial branches omitted. Orientation: radial (up-down), circular (left-right).

Fig.3. (A) Junctions made by a motor giant axon (MoG) onto a neighbouring myoepithelial cell with
large mitochondria (m) and striated muscle tail. A gap junction (arrowhead) lies close to a
conventional vesicular synapse (arrow). Inset shows this area at higher magnification. Scale bar,
1 um; inset, 0-1 um. (B) A neuromuscular synapsc from a lateral neurone (a) onto a myocepithelial cell.
Scale bar, 0-5 um.
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Table 1. Summary of synaptic connections between neuronal and myoepithelial
elements discussed in the text

Chemical synapse Electrical synapse
Structural Electrophysiological ~ Dye Gap  Electrophysiological
Junction evidence evidence coupling  junction evidence
Giant axon/ + + + -
myoepithelium
Giant axon/ lateral + +
motor neurone
Lateral motor neurones/ + +
myoepithelium
Lateral motor neurone/ +
lateral motor neurone
Myoepithelial cell/ + + +

myoepithelial cell

In a thin sheet of coupled cells current flow is restricted to two dimensions and the
steady-state change in membrane potential declines with distance from a point current
source as a modified Bessel function (Woodbury & Crill, 1961; Eisenberg & Johnson,
1970; Shiba, 1971; Fromter, 1972; Jack, Noble & Tsien, 1975).

1.e.
V=2 K, (x/), (1)

where V is the change in membrane potential (volts); I, is the amplitude of the
injected current (amperes); K, (x/A;) is a modified Bessel function of zero order with
the argument (x/4;) and values of K, taken from Abramowitz & Stegun (1965); x is
the distance between the recording site and the current source (cm); A, is a two-
dimensional space constant defined as (R,/r,) /2 where R, is the egress resistivity from
the cytoplasm (Qcm?); 1, is the resistance of unit length and breadth of the epithelial
interior (€2).

.= Ry/d, (2)

where R; is the resistivity of the epithelial interior (§2cm) and d is the thickness of the
epithelium (cm).

The intracellularly recorded potential change declined with distance from the
current source (Fig. 8) as expected for two-dimensional current spread but, unlike the
simple epithelium of Euphysa (Josephson & Schwab, 1979), the sheet did not behave
as if it were radially symmetrical about the point of injection. The current was found

Fig. 5. (A) Superficial area of subumbrellar myoepithelium (subumbrellar cavity to left). Parts of
four cells can be seen. The outer ends of intercellular clefts are sealed by septate junctions (s).
Elsewhere gap junctions occur between neighbouring cells (arrowheads, and inset). m,
mitochondrion. Scale bar, 0-5um; inset, 0-1 um. (B) Tangential section of gap junction (arrow)
between two myoepithelial cells with lanthanum staining the extracellular space. Scale bar, 0-1 um.
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to spread further in the circular direction than it did radially. The sheet can be treated
as if it were isotropic if the distance scale is made a function of the angle formed with
the fibre axis (Jack et al. 1975).

The values of A; and R; derived from the data by the method of Josephson & Schwab
(1979) were: for circular current flow, A, =770 um, R;=201Qcm, and for radial
current flow, A, =177 um and R; =178 Qcm. The myoepithelium was taken to be
10 um thick (Singla, 1978). These values were substituted in equation 1 to produce
the solid lines shown in Fig. 8. The fit to the experimental points was sufficient for
present purposes.

The myoepithelium in Aglantha is divided by the motor giant axons into octants.
The myoepithelial cells that cover each giant axon are thinner than those in the main
body of the epithelium (Singla, 1978) but we found no significant difference in either
R; or A; (not shown).

A Measurements in a circular direction

Separation: 60 um 390 um 730 gm
e .e-%e-—.e_ S 1ee0—o0—
;——_ T ———

I, 91nA 327nA 345nA

R, 186Qcm 293 dcm 146 lcm

Tm 8:7ms 9-5ms 9-5ms

B Measurements in radial direction

Separation: 90 um 90 um
40mV
—_—
| S
L, 3t0nA 411nA 20 ms
R, 175 Qem 180 Nem
Tm 9-5ms 10ms

Fig. 6. Effect of hyperpolarizing current pulses (bottom traces) on the membrane potential (top
traces) at different sites in the myoepithelium. The separation between the current injection and
recording sites is shown. Measurements were made in both a circular (A) and a radial direction (B). I,
is the current intensity, R, is the internal resistivity of the epithelium and 7, is the time constant of the
membrane derived by fitting equation 3 (open circles). Bathing medium: 70 mmol1™! Mg®* sea
water. Resting potentials: 60 um circular, —80mV; 390 um circular, —80mV; 730 um circular,
—70mV; 90 um radial, —79 mV (both from same penetration).
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There are two main difficulties in interpreting these results. First, gap junctions
have been found only between epithelial cell bodies and not between muscle tails
(Singla, 1978). Second, the method underestimates the total membrane surface
encountered by the current and so it cannot be used to provide a measure of membrane
resistance.

Membrane time constant

The transient response of a two-dimensional sheet to a maintained step change in
current has been derived by Jack et al. (1975; page 88):

RI,(T1 R?
V—anJOZ—texp( = t)dt, 3)

where R = (x/4;) and T = (t/7,,). T., is the time constant of the membrane; t is the
time after the beginning of the step.

This expression was evaluated for us by Dr P. A. McNaughton using the NAG
subroutine DO1AGF (Mark 8 release, Numerical Algorithms Group, Nottingham).
The best fit to the experimental results was obtained with values of 5-10 ms for 7,
(Fig. 6, Table 2).

mV
— 30

Fig. 7. Relationship between injected current and membrane potential at different locations in the
myoepithelium. Abscissa: injected current. Ordinate: change in membrane potential. Orientation of
current injection and membrane potential recording sites was radial (R, closed symbols) or
circumferential (C, open symbols). Separation of the sites was 20 um (closed circles), 90 um (closed
triangles), 60 um (open circles) or 920 um (open squares). The straight lines were drawn by eye.
Bathing medium: 70 mmol I=! Mg?* sea water. Resting potentials: 20 um radial, ~75mV; 90 um
radial, —79 mV; 60 um circular, —80mV; 920 um circular, —75mV.
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Since 1,,, was independent both of the orientation of the recording and injection sites
and of the distance between them it can be used to provide an estimate of membrane
resistance. If the membrane capacitance is 1 uF cm™2, as it is for other biological
membranes (Cole, 1968), and the two surfaces of the thin sheet are taken to have
identical properties, the membrane resistance becomes 5000-10000 Qcm? and A, is
0:11-0-17 cm. This is close to the value of A, measured in the circular direction under
steady-state conditions but differs from that in the radial direction by a factor of six or
more. The direction dependence of A, measured under steady-state conditions can be
accounted for if the current pathway is greater in the radial direction (see Woodbury,
1962). This means that the current must flow by an indirect route such that its
pathway is six times longer than it appears to be from measurements on the surface.

However, Eisenberg & Johnson (1970) have provided a solution for the potential at
any point in a two-sided slab. Their solution has two terms. The second term is
independent of membrane properties and can be neglected because the myo-
epithelium is so thin; the dominant term differs from the solution given by Jack et al.
(1975) and others by a factor of V2 in the argument of the Bessel function. This

08 —
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Fig. 8. Spread of current in the myocpithelium. Ordinate: mean membrane potential displacement
produced by current injected at different distances from the recording site (abscissa). Open circles:
measurements in a circular direction; closed circles: measurements in a radial direction. The solid line
was calculated from equation 1 using 4, = 770 um and R, = 201 Qcm for current flow in a circular
direction and A, = 177 ym and R, = 178 Qcm for current flow in a radial direction. Bathing medium;
70 mmol 17! Mg?* sea water.



Neuromuscular transmission in Aglantha 13

means that the value of A, in the circular direction becomes 0-11 cm; 4, in the radial
direction becomes 0-03 cm.

Response of the myoepithelium to nerve stimulation

In Aglantha, stimulation of a single motor giant axon produced contraction
throughout the bell of the animal. Intracellular records from the myoepithelium on
the inner surface of the bell showed that contraction was preceded by a complex
electrical response which resembled the end-plate potential at the frog neuromuscular
junction (Fatt & Katz, 1951). The response consisted of a foot, a sharply rising phase,
a shoulder, an overshooting spike-like component and a long phase of repolarization
(Fig. 1). In frog the muscle response becomes a simple conducted action potential as it
moves away from the neuromuscular junction but in Aglantha the myoepithelial
response was dominated by the postsynaptic potential irrespective of the location.

Synaptic delay

The ‘synaptic delay’ associated with chemical transmission is defined by Katz &
Miledi (1965a) as the time between the peak of the presynaptic spike obtained by focal
external recording and the onset of the postsynaptic response. In the frog neuro-
muscular junction the synaptic delay as defined is 1 ms at 12°C (see Katz & Miledi,
1965b; Fig. 4) while in the squid giant synapse the synaptic delay measured from the
peak of the internally-recorded spike is about 1:4ms at the same temperature
(calculated from Lester, 1970; see also Takeuchi & Takeuchi, 1962; Bloedel, Gage,

Llinds & Quastel, 1966). At another neuromuscular junction, in the coelenterate

Table 2. Spread of current in the myoepithelium; time constant (t,,) of myoepithelial
cell membrane derived by fitting equation 3 to experimental data

Direction of I, x R, T
measurement (nA) D/H (um) (cm) (ms)
Circular 208 H 46 254 55
Circular 262 H 59 246 5-8
Circular 91 H 59 186 8-7
Circular 196 H 154 160 5-1
Circular 138 D 254 150 9-5
Circular 153 H 254 210 9-5
Circular 327 H 393 293 9-5
Circular 345 H 732 146 9-5
Circular 182 H 924 236 58
Average circular N =9 212+ 48(s.b.) 77+2:0(s.0.)
Radial 255 H 16 176 5-8
Radial 255 H 50 162 65
Radial 411 H 89 180 10-0
Radial 310 H 89 175 9-5
Average radial N =4 173+ 8(s.0.) 80x2-1(s.n.)

I, is the injected depolarizing (D) or hyperpolarizing (H) current.
x is the distance between injection and recording sites.
R, i8 the internal resistance.
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Polyorchis, Spencer (1982) has reported synaptic delays ranging from 0-9 to 7 ms with
amean at 3-2ms (N = 103; temperature 14-19°C).

InAglantha, the synaptic delay measured from the peak of the internally-recorded
axon spike at 12°C was 0-7x0-1ms, (S.D.; N=06) for recording sites in the
myoepithelium 40-130 um from the motor giant axon. Fig. 9 shows simultaneous
intracellular records from the motor giant axon and from the myoepithelium 80 um
(A) and 600 um (B) away. The delay increased progressively as the distance between
the recording sites was increased. The electrical characteristics of the myoepithelium
revealed by the current injection experiments (Fig. 8) suggest that very little current

A 80 um

100 ggm

2ms

Fig. 9. Simultaneous intracellular records from motor giant axon (g) and nearby myoepithelial cell
(m) following external stimulation of the giant motor neurone. Records A and B are from a single
penctration of the axon and two scparate penetrations of the myoepithelium, 80 um (A) and 600 um
(B) from the recording site in the axon. Record C is taken from a different experiment: a circle
(250 m diameter) was scored in a region of the myoepithelium which included the motor giant. The
axon and a nearby myoepithelial cell (separation 100 um) were penetrated within this isolated region.
The records were retouched where necessary to show the rising and falling phases of the axon spike.
Bathing medium: 90 mmol ™' Mg?* sea water. Resting potentials: axon A —=62mV, B —65mV, C
—60mV; myoepithelium A —77mV, B =86 mV, C —67mV.
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should spread electrotonically from a point on the axon to a point in the
myoepithelium as far as 600 um away. This means that the postsynaptic event must be
derived from some local synapse, probably on the lateral motor nerve, and that the
delay includes the time taken for excitation to spread from the giant axon to the lateral
nerve.

Other neuromuscular synapses along the motor giant axon are unlikely to
contribute to the electrical response recorded in the myoepithelium in Fig. 9 unless
they are within about 100 um. Nevertheless we wanted to exclude the possibility of a
contribution from synapses outside this range and so the experiment was repeated ina
region of the myoepithelium isolated from the rest. An unfilled glass micropipette was
used to sever muscle cells in a semi-circle on either side of the motor giant axon and the
cells under the axon itself were carefully destroyed leaving the axon intact. Fig. 9C
shows that the synaptic delay at the centre of an isolated area of myoepithelium 250 um
in radius was 0-8 ms. The experiment was repeated three times with similar results.
The position of the synapse is unknown but it must be within the 500 um length
of axon that crosses the isolated area of epithelium. Action potentials in the motor
giant axon travel 250 um in about 0-05ms (Roberts & Mackie, 1980) and so the
measurement of synaptic delay must have an error of less than 10 %.

Current injection

A number of fine axons run alongside the motor giant axon (Fig. 2) and it is possible
that they too are excited by the method of external stimulation used. To avoid this,
current was injected directly into the motor giant axon. In five out of 11 preparations
the myoepithelium responded in an all-or-nothing fashion (Fig. 10A) and in one of
these preparations an intracellular record confirmed that the current levels used were
sufficient to initiate an action potential (not shown).

In six preparations injection of current into the motor giant axon produced graded
responses in the myoepithelium. In Fig. 10B the 1-ms current pulses were 10—
100 nA but in other experiments with more prolonged pulses graded responses were
produced by even smaller currents. It is likely that when the current electrode was
near a synapse a local depolarization caused transmitter release without generating an
axon spike.

Calcium contribution to neuromuscular transmission

In Aglantha external calcium ions were necessary for both neuromuscular
transmission and for contraction. If calcium ions were added back to a calcium-free
medium a graded postsynaptic potential appeared which increased in size and
eventually developed a spike-like component. The appearance of the muscle spike
coincided with the appearance of contraction in the myoepithelium. If we assume, as
seems likely, that calcium influx is necessary for contraction it suggests that an inward
calcium current contributes to the spike but not to the postsynaptic potential.
Abolition of the postsynaptic potential in Ca’*-free medium can therefore be
attributed to a failure in neuromuscular transmission as it is in the frog (Katz &
Miledi, 1965c¢).
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Miniature synaptic potentials

Events which probably represent spontaneous release of transmitter at neuro-
muscular synapses may be recorded from different sites in the myoepithelium. Fig. 11
shows examples recorded at an intracellular site within 20 um of the motor giant axon
(A) and at a distance of about 1 mm (B). We assume that these events are miniature
postsynaptic potentials but can provide no pharmacological evidence for this because
the synaptic transmitter is as yet unidentified. In general the postsynaptic potential
recorded after an action potential in the motor giant axon had a longer duration

A
2
-
100nA ‘ /\
' <
-

40mV

40mV

E

2ms

Fig. 10. Current injection into motor giant axon. A brief (1:75 ms) just suprathreshold depolarizing
current pulse (top trace) produced a delayed depolarization of the myoepithelium (bottom trace).
Bathing medium, normal eea water, resting potential, —78 mV. Graded responses were sometimes
scen, a8 in B; recording conditions as in A but with 1-ms pulse and without the current trace. Four
superimposed traces. Micropipette separation: 100 um, bathing medium, 90 mmol1™' Mg** sea
water; resting potential, axon —63 mV, myoepithelium, —74mV.
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than the miniature events but this may be because of contributions from synapses on
either side of the octant. The complex shape of the miniature potentials may also be
because more than one synapse contributes to each event. The main point here is that
spontaneous miniature potentials of similar amplitude and rise time may be recorded
at different distances from the motor giant axon as if there are synaptic sites
throughout the myoepithelium. These synapses are in addition to those from the giant
motor axons and are possibly associated with the lateral motor neurones (see also
Fig. 3B).

Lateral motor neurones

Stimulation of the inside surface of the bell at certain locations produced a
contraction which was restricted to a patch of myoepithelium around the stimulating
electrode and which usually spread about half-way across the octant. The most
effective stimulation sites were found to lie along a central line within any one such
area (Fig. 12). Contraction failed if the myoepithelium was stimulated outside the
area. In some preparations we were able to see the lateral motor neurones with a
dissecting microscope so that they could be stimulated directly. The contraction
which resulted was generally restricted to the same roughly rectangular region of
myoepithelium covered by the visible branches of the lateral motor neurone.
Repetitive stimuli sometimes produced contractions not only in the muscle field
surrounding the stimulated neurone, but also in fields apparently innervated by
neighbouring lateral neurones. After the addition of isotonic Mg?* the contraction

A Near MoG B Between MoG

M M
M NSt peases
M WM

2mV|

20 ms

Fig. 11. Intracellularly recorded spontaneous electrical activity from the myoepithelium. (A)
Recording site within 20 um of the motor giant axon; (B) recording site mid-way between two motor
giant axons. Bathing medium, normal sca water; resting potential, —83 mV.
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was confined to the field of the stimulated neurone. This suggests that when
stimulated, individual lateral motor neurones can elicit contraction in a well-defined
area of the myoepithelium and that excitation can spread between lateral neurones via

Mg?*-sensitive synapses.

MoG |

MoG2

’

SN

Margin

2-2mm

Fig. 12. Arcas of myoepithelium that contract in response to focal external stimulation (1 ms current
pulses). Filled circles show some of the locations where threshold stimulation evoked contraction in

the surrounding approximately-rectangular area, shown with one style of texturing. Open circles
show some ineffective stimulus locations where contraction was confined to the region under the

stimulating electrode.
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Conduction through the myoepithelium

To investigate the circular spread of excitation, the electrical events recorded from
different parts of the myoepithelium were carefully compared. The postsynaptic

A 2:2mm

MoG 1 MoG 2

Fig. 13. Spread of excitation across an octant. (A) Diagram of the region between two motor giant
axons (MoG 1, MoG 2) showing the position of three lateral motor neurones visible under Nomarski
optics (thick lines) and the positions of 13 intracellular recording sites across the myoepithelium. The
potential change shown was recorded at each site following external stimulation of MoG 1 (scale as for
B-+8-8). Bathing medium, normal sea water. (B) Four superimposed records (from A) showing the
postsynaptic potential at different sites in the myoepithelium. The records were (i) 0:2 mm (resting
potential, RP —76 mV); (ii) 1:3mm (RP —76 mV); (iii) 19 mm (RP =76 mV) and (iv) 1-9 mm (RP
—72mV) from the stimulated giant axon. Record (ii) from midway between the two motor giant axons
had three distinct components: a—b, the foot; b—c, the postsynaptic potential; c—d, the active
responsc. All three components may also be recognized in record (iii) although the foot is less
pronounced. A significant foot is absent from record (i).
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response recorded from a strip preparation following the stimulation of a single motor
giant axon was generally of a uniform peak amplitude at sites many millimetres apart
but there were significant differences in the overall shape. At the centre of the octant
the response appeared to have three components; a ‘foot’ (a—b in Fig. 13B), which we
take to be a postsynaptic event which has spread electrotonically from an area of
myoepithelium near the stimulated motor giant axon, a postsynaptic potential (b—c in
Fig. 13B) initiated near the recording site and an active response (¢c—d in Fig. 13B).
On the far side of the octant the electrotonic component is small and the postsynaptic
potential rises sharply. Nearer the stimulated motor giant axon an electrotonic
component from the far side has the effect of prolonging the muscle response.

In Fig. 13A the postsynaptic response of the myoepithelium was recorded at 13
different sites in a single octant. The positions of three lateral motor nerves visible
under Normarski optics are also shown. It seems that the presence of a visible lateral
motor nerve in the region of the recording site did not always mean that the
postsynaptic potential would be full-sized. Likewise a region in which no lateral motor
nerve was visible sometimes had a pronounced postsynaptic potential and muscle
spike. This suggests that the synapses may be associated with radial processes of the
lateral motor neurones that were beyond the resolution of our microscope.

The muscle-spike was absent from some sites in the myoepithelium, and as shown
in Fig. 13 (sites iii & iv), these postsynaptic responses were graded in amplitude as
though they were derived from the electrotonic spread of current from a synaptic
region nearer to the stimulated motor giant axon. In this experimental situation the
spread of current will be confined to the lateral direction (the myoepithelial cells on
either side having been uniformly depolarized). Hence the tissue should behave as a
two-dimensional cable with a linear current source and the postsynaptic potential
should decrease in an exponential fashion across the octant:

V =V,e"h, (4)

Graded myoepithelial responses were recorded from three different preparations at
different distances from a stimulated motor giant axon. As Fig. 14 shows, the data are
well fitted by equation 4 (A, = 770 um) for distances greater than about 800 um from
the motor giant axon. For distances less than 800 um the myoepithelial response was
relatively constant. This result could be accounted for if synapses between the lateral
motor neurones and the myoepithelium were confined to the region up to 800 um from
the motor giant axon and the response of the myoepithelium outside this area
consisted of electrotonic spread from the synaptic region.

Although as we have seen, graded responses were sometimes recorded from the
myoepithelium it was not uncommon to find a full-sized postsynaptic potential with
its associated muscle spike even in regions of the octant some distance away from the
stimulated motor giant axon. This suggests that impulses in the lateral motor nerves
propagate across the octant. To determine whether the spread of contraction was
associated with electrical activity in other giant motor axons we used a strip
preparation and recorded intracellularly from the giant axon on the far side of the
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octant. Fig. 15 shows the potential change recorded in one giant motor axon when an
adjacent motor giant axon was stimulated. Care was taken to abolish all movement by
using sea water containing 127-150 mmol1~! MgCl,. Events of a similar amplitude
(10-15mV) were recorded at different sites along the axon. At each site the recorded
events were entirely reproducible but at different sites there was considerable
variability in shape. Fig. 15 shows that the postsynaptic potential recorded in the
nearby myoepithelium arises about 1 ms after the start of the event recorded in the
giant motor axon and so it seems that the spread of excitation in the myoepithelium
follows the spread of excitation to the giant motor axon. We assume that these events
represent the summed activity of lateral neurones which spreads into the motor giant
by way of electrical junctions.

Under the electron microscope, structures are frequently seen which appear to be
gap junctions between the motor giant axon and the myoepithelium (see for example
Fig. 3A) and so we tested the possibility that the nerves and muscles are electrically
coupled. On three occasions a small (3mV) depolarization was recorded in the
myoepithelium coincident with an action potential in the nearby motor giant axon but
generally action potentials in the axon were not visible at recording sites in the
myoepithelium. Furthermore stimulation of a single lateral motor neurone produced
only a relatively brief event in the motor giant axon in spite of widespread and
prolonged depolarization of the surrounding myoepithelium. Consequently we
think that significant electrical coupling between the motor giant axon and the
myoepithelium is unlikely.
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Fig. 14. Amplitude of the postsynaptic potential (PSP) at different distances from an externally-
stimulated motor giant axon (MoG). Three preparations (different symbols) in which the spike
component of the myoepithelial response was absent. The solid line was calculated from equation 4
using A; = 770 um. Bathing medium, %0 mmol 1”! Mg?* sea water (triangles); 127 mmol I=! Mg?*
sea water (circles); normal sca water (squares).
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DISCUSSION
Electrical charactenistics of the myoepithelium

The myoepithelium of the hydrozoan medusa Aglantha digitale is a thin sheet of
electrically coupled cells. Current from a point source is restricted to two dimensions
but spreads further around the bell of the animal than it does radially. Other
characteristics of the sheet, its time constant and its internal resistance, are
independent of direction and we suppose that the anisotropicity arises from the
current path length. The path length may depend on the number and distribution of
operative gap-junctions (see Detwiler & Hodgkin, 1979), which we assume to provide
the low resistance pathway between the cells (Fig. 5). The difference between the
space constant derived from steady-state measurements and that calculated from the
membrane time constant probably arises because of differences between the effective
membrane area and the surface area. It may be, at least in part, the result of an
extended path length. The internal resistance (178-201Qcm at 12-15°C) is
independent of path length and is similar to that found for the exumbrellar epithelium
of the hydromedusa, Euphysa japonica (196 Qcm at 9-11°C; Josephson & Schwab,
1979) and that found for the giant smooth muscle cells of the ctenophore Beroé
(154 Qcm at 20-22°C; Hernandez-Nicaise, Mackie & Meech, 1980). A value of
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Fig. 15. Intracellular potential change in a motor giant axon after external stimulation of an adjacent
motor giant axon. (A) Simultancous records from motor giant axon (bottom) and nearby
myoepithelium (top). Three superimposed traces. (B) Single traice from motor giant axon, same
location as A. (C) As A but at a different axon location. Single trace. (D) Three superimposed traces
from motor giant axon, same location as C. Bathing medium, 127 mmol ™! Mg2+ sea water (A,B),
150 mmol 17! Mg?* sea water (C,D).
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24 Qcm found for the subumbrella epithelium of the siphonophore Chelophyes can be
attributed to a low resistance ‘shunt’ to the underlying endodermal sheet (Chain, Bone
& Anderson, 1981).

Innervation of the myoepithelium

Aglantha exhibits two major patterns of behaviour: fast ‘escape’ swimming when
the entire subumbrella myoepithelial sheet contracts and ‘slow’ swimming when
contraction is more localized. For fast swimming, nerves in the margin of the bell
ensure that impulses are initiated nearly simultaneously in all eight motor giant axons
(Roberts & Mackie, 1980). Evidence of dye-coupling (Weber et al. 1982) is consistent
with there being electrical coupling between motor giant axons and lateral neurones
and on an occasion in which a lateral motor neurone was successfully penetrated it was
observed to spike following stimulation of the motor giant axon (R. W. Meech,
unpublished observation). Chemical synapses along each motor giant axon (Singla,
1978) provide a pathway for excitation to spread directly to the myoepithelium (Fig.
9), but excitation also spreads by way of the lateral motor neurones which also make
synaptic contact with epithelial cells in a field which spreads at least half-way across
the octant. So in fast swimming the motor giant axons do two things: they directly
excite the myoepithelium at chemical synapses; they electrically excite lateral motor
neurones whose branches make further chemical synapses over the whole surface of
the myoepithelium and ensure widespread contraction. Conduction of this kind
cannot be accounted for by a regenerative action potential in the epithelium because
there is no event in the muscle which behaves like a simple regenerative spike of the
kind described in other hydromedusae (Mackie & Passano, 1968; Spencer, 1978).

In all hydromedusae studied to date (reviewed by Satterlie & Spencer, 1983) the
nerves that generate the swimming pattern are located in the margin, where they
rapidly conduct impulses around the bell, and excite the muscle sheet virtually
simultaneously on all sides through synapses located in all quadrants. Conduction
within the muscle sheet itself is generally purely myoid. In Polyorchis, an
exceptionally large medusa, excitatory nerves extend from the margin up the four
radii, an arrangement which presumably reduces conduction time in the radial
direction. ‘Pure’ myoid conduction in Polyorchis is very slow in the radial direction —
approximately 5cms™' (Spencer, 1978). It is surprising to find that Aglantha, a
relatively small species, lacks a propagating myoid action potential but relies on a
system of motor neurones to spread excitation across the muscle sheet. One reason for
this arrangement certainly lies in the need for exceptionally rapid and synchronous
excitation of the whole muscle sheet during escape locomotion, an activity unique to
this species. Another reason for the elaborate innervation may be found in the
existence of two types of swimming in Aglantha. In addition to the short latency,
powerful contractions of the escape response, the animal performs ‘slow swimming’ —
low amplitude contractions which are not uniform but which spread throughout the
muscle field (Mackie, 1980). It is likely that two such different responses could not be
achieved if contractions spread solely by myoid conduction. This provides an
illustration of the general principle that, while epithelial conduction is appropriate for
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the spread of simple, generalized responses, nerves become necessary where graded or
local effector action is called for (Mackie, 1970).

Recent evidence from the large leptomedusan Aequorea (R. A. Satterlie, personal
communication) suggests that, here too, myoid conduction has been abandoned in
favour of a system which combines multiple nerve inputs over the muscle sheet with
local, decremental spread within the epithelium from these dispersed synaptic sites.
The advantage in this case seems to be that the amplitude of contractions can be
reduced locally by inhibitory input to the swimming motor neurones, so making
asymmetrical contractions possible.
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