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ABSTRACT

Two aspects of the neurobiolagy of the hydrozoan jellyfish
Poly rehis peniceillatus were investigated with electrophysiological
and ultrastrugtural techniques.

Extracellular mecordings from the endoderm and the exumbrellar

-
ectodern demonstrate that these epithelia have the ability to
conduct actien potenials. Intracellular recordings from the endodirm
verify that this excitability is a property of the epithelial cells,
Current pulses were shown to pass between intraccellular electrodes

L]

in two separated endodermal cells, demonstrating that low-resistance
Intercellular pathways electrically couple adjacent cells.

The probable structural correlate of epithelial conduction was
eludicated using lamthanum impregnat jon and freeze-fracture replication
electronmicroscopy.  Within the endodermal canal, arrays of septatc
junctions are prevalent around the canal lumen and gap-junctions
are concentrated aloug the canal periphery. Septate junctions have
a regular intercellular space of 13-l4nm with 7.%5m widce septa
displaying periodicities of 14-lénm. ‘In freeze-fracture replicas

)
these septa appear as a series of EF particle rows with complementary
PF greoves.  Gap-junctions have intercellular spaces of 4.5nm in
conventicnally stained material and show b—tnm bridges, with a
periodicity of 10-12um, connecting apposed mPmbrancs in lanthanum

improyuated vaovial, In freeze-fracture replicas, gap-junct ions

occur .. ..o mtes of FF particles with diameters of 9.5-11n .ai.l
a peiooicity of 11-12.50m. Tt is suggested tiat both gap and septate
Junotion~ re involved in i=pulse propagat ion. the former providing

v .
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v
intercellular current Pathways and the latter limiting the shunt fnyg

of current flow between cells by sealing the extracellnlar space from

’
’

the surrounding pgut saline.
N

Crumpling is a protect fve response shown by many hydromedusac

-)

1nv01vin.g simultancous contract fon of the four subumbrellar radial
muscles concomitant with sphincter muscle contract ion”and retract ion
of the tentacles and manubrium. From the observation that st imulat ion
of -the exumbrellar ectoderm elicits crumpling and endodermal impulces

.

concurrently, it was previously hypothesizod that suburbrellar
.
endoderm directly excites the ectodermal radial muscles,
To determine whether there is a direct epithelial excitat fon
of radial muscle in Folaomalile ) extracellular recordings were male
from radial muscle and endoderm.  During crumpling a complex potential
Is recorded from the radial ruscle due te the simnltancous activity
AY -
of the radial muscle aund underlying endodern. By various manipulations
this compound potential was separated into its component radial
muscle potential (KMP) and endodermal canal pulse (F(p). By comparing
.
the response latencics of RMPs recorded at various locat ions along
the muscle it was determined that no direct excitation is transmitted
from endoderm to radial muscle. It was also found that epithelial
initiation of rad;al muscle response occurs only at the marginal and
apical ends of a mustle. Electron nicrnsvn,»y has shown that there are
synapses between radial nerve and radinl muscle throughont the radiug
and I.ctween marginal nerves and radial! rmuccle, It is sugpested that
rerves are integral to the crurpling puthway serving to transmit

excitation from epithelia to radial muscle.,  This system mav serve

as an importaut rodel for epitheiial-nervous iatersct jona,

vi
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INTRODUCT ION

Cnidarian nervous systems have attracted a number of physiologists
and anatomists over the past century (reviewed by Josephson, 1974;
Chapman, 1974), primarily on the presumpt ion that the lower
evolutionary status of these animals should facilitate analysis of
functional and structural mechanisms underlying behavior and perhaps
provide a prototype for considerations of the origin of higher
nervous systems. It is now apparent that the behavioral patterns
and possible conduct ion pathways of caidarians are simplified
relative to other animals, and therefore amenable to research,
although their degree of complexity and variabilityv makes their
usefulness as a representative ancestor of higher nervous systeas
uncertain.

Within this phylum neurophvsiological analysis has primarily
concerned anthozoans, especially sea anermones, and the aberrant
Hudre. Most electrophysiologica! investigations of hvdrozoan
Jellyfish have entailed a descr:ijticn of the impulse types correlated
with observed behavior in anthomedusae (Passano, 1965; Mackie ¢ e,
1967; Passano ~: 1., 1967; Mackie an¢ “assano, 1968; Ohtsu and
Yoshida, 1973; Mackie, 1975; Spencer, 1978), a limnomedusan
(Spencer, 1975) and siphonophores (Mackie, 1965, 1976a; Bassot ¢¢ G,
1978) or a verification of cellular exc itability and interactions
with intracellular electrodes (Spencer, 1971; Mackie, 1976a, b;
Anderson and Mackie, 1977; Spencer, 1978). There is\‘howover, a
scarcity of studies establishing the exact conduction bé?ﬁ‘ays

followed in eliciting hydromedusan behavior.,



The notion that Cnidarians possess general conduction pathways
supplementary to nerves is not a recent ‘innovation. Chun (1897) \*
proposed that the myoepithelial layer as well as the exumbrellar
ectoderm of siphonophores may be conductile. Although it was
subsequently suggested that epithelial conduction plays & role in
the behavior of Hydra (Hadzi, 1909), a cerianthid sea anemone
(Horridge, 1958) and a hydroid (Josephson, 1965), it was not until
the histological proof of a nerve-free epithelium which propagates
fmpulses (Mackie, 1965) that the phenomenon of epithelial conduction
(in any organism) was accepted. Although there is indirect evidence
that Hyrda may have excitable epithelia (Campbell et al., 1976;
Kass-Simon and Diesl, 1977) exciLaBility has been confirmed with
intracellular recording of epithelial action potentials only 1in a
siphonophore (Mackie, 1976b) and two anthomedusae (Spencer, 1978;
Josephson and Schwab, in preparation).

It is now established that impulse-propagating epithelia are
not restricted to hydromedusae. They have also been described in
frog tadpoles (Roberts, 1969; Roberts and Stirling, 1971), larval
(Mackie and Bone, 1976) and adult urochordates (Bone and Mackie, 1975;
Mackie and Bone, 1977), mammalian endocrine gland (Matthews and
Saffran, 1973; Matthews and Sakamoto, 1975), gastropod exocri!'
gland (Kater ¢t ul., 1978b) and polychaete elytra (Herrera, 1979).
Although the physiology of thewe conducting epithelia has been
studied in depth, there is a lack of detailed ultrastructural
evidence for specialized intercellular Junctions that can be

associated with this excitability. Close membrane appositions



have been reported in some of these epithelia (Roberts and
Stirling, 1971; Joseph et al., 1973; Bone and Mackie, 1975;
Hacyie and Singla, 1975; Mackie, 1976b; Mackie and Bone, 1976;
Bassot et al., 1978). However, only Orci, Unger and Renold
(1973) have contributed indisputable evidence for membrane
Junctions likely to be correlated with excitability in-an
epithelium (Matthews and Sakamoto, 1975).

Substantial evidence for intercellular contacts probably {
associated with impulse condaction has been provided in vertebraie
cardiac (Revel and Karnovsky, 1967; McNutt and Weinstein, 1970)
and smooth (Friend and Gilula, 1972) muscle, vertebrate central
nervous tissue (Brightman and Reese, 1969; Zampighi and Robertson,
1973; Bemnett et al., 1978) and crustacean nerve cord (Pappas et al.,
1971; Peracchia, 1973). It is generally accepted that gap—-junctions
are the sites of impulse transfer between cells within these tissues.
By extension, it is assumed that gap-junctions provide the mechanism
for conduction of actions potentials in excitable epithelia.
Gap-junctions have also been implicated in the maintenance of
electrical and nutritional coupling in a variety of inexcitable
epithelia (reviewed by Sheridan, 1974; Staehelin, 1974; Gilula, 1977;
Pitts, 1977). The electrical coupling of these latter epithelia
is not associated with impulse propagation ?nd is of significance
only in demonstrating low-resistance intercellular connections
presumably through structural bridges at the gap-junctions
(reviewed by Loewenstein, 1977).

The basic function of epithelial conduction {is to furnish

receptive fields and pathways for the mediation of an escape or

N



protect ive response. Thils involves either a protective closure
(Mackie, 1965; Macklie ;’md Passano, 1968) or an activation (Mackie,
1964 ; Roberts, 1971; Bone and Mackice, 197%; Mackie and Bone, 1977)
or inhibition (Mackie and Bone, 1976) of locomotion. Alternatively,
epithelial excitability can be correlated with glapdular secretion
(Matthews and Saffran, 1973; Matthews and Salk,nmoto, 1975,

Mackie, 1976; Kater ct ak., 197€b) cr bioluminescence (Bassot et ‘17.,‘
1978; Herrera, 1979).,

In many hydromedusae the exumbrellar ectoderm and entire
endoderm is c¢xcitable and epithelial conduction is associated with
the activation of "crumpling' behavior (Mackie and Passano, 1968).
This responce involves a simultaneous contraction of the subumbrellar
radial nuscles and marginal sphincter muscle and retraction of the
tentacles, manubrium and gonads. This results in an involution of
the margin, reducing the opening of the bell and enclosing the
dclicate margiral tissues within the subumbrellar cavity.

This behavior was described by Romanes (1876) who teimed it a
"spasm” and was rediscovered by Hvman (1940) who first referred to

is as "crumpling"”. Tt was not, however, until Mackie, Tassano and

Pavans de Cescatty (1967)  that the prime effector of the response, the

subumbrell.r, ectodermal radial nuccles, was established.  This
clarified the basis of the response, correcting the earlier
interpretation (Romanes, 1876) that swimming and crumpling result
from contra tion of the subumbrellar circular mascle.,  Concurrent
with the deveription of excitable epithelia in hydromedusace

(Macliic ot «l., 3967, Mackic and Passano, 19¢8), it was proposcd



that excitation passes from exumbrellar ectoderm to endoderm at the

margin.AQﬁ then back to ectoderm in the subumbrélla to activate the

radial muscles in Sqursia and Euphysa. The presence of epithelial

bridges between ectoderm and endoderm at the margin and perradius

(Mackie and Passano, 1968; Mackie and Singla, 1975; Spencer, 1979)

seems to correlate with this hypothesis. The epithelial pathway

‘of crumpling has also been proposed to occur in Stomotoca

(Mackie, 1975). There is, on the other hand, evidence that epitheiial

excitatid® can activate (Mackie and Passano, 1968) or inhibit

(Mackie, 1975) nervous activity in anthomedusae. Additionally,

asymuetrical excitafion of the radial muscles, as occurs during

feeding, seems to require nervous control of radial musclq activity.
The purpose of thf¥s study was twofold. Firstly, I hoped to

correlate the reported epithelial conduction in medusae with definite

membrane specializations and particularly to describe structures

which could mediate ionic flow between cells (King and Sp;ncef, 1979).

Secondly, I wanted to determine the importance of epithelial

pathways in activating crumpling behavior in Polyorchie penicillatus

and to correlate this physiology with ultrastructure.



MATERIALS AND ME THODS

Jellyfish were collected from celgrass beds in Bamfield and
Grappler inlets (west coast of Vancouver Island) and held in a

[$

flow-through aquarium at about 11°C for a maximum of % days. 1In
some instunces, jellyfish waye transported to the University of
Alberta from Vancouver Island and kept in "Ins;t‘ant Occan" prior
to fixation.
Electron Hicroscopy
‘For conventional electrox#microécopy’ a variety of vehicles woere
used with the standard glutaraldehyde/osnium tetroxide double fixation.
The best results were obtained with the following recipes:
1. Fixative - 27 glutaraldehivde in 0.2M sodium cacodylate buffer
at pH 7.4 with 10mnM GsCl, and 0.18M acCl,
Buffer rinse - 0.2 M sodium cacodylate buffer at pH 7.4 with
10mM CaCl. and 0.3M NacCl.
7P_oit_—£_i‘.\rtrn_tﬁi:;: - 1% 0s0, in 0.2M sodiwm cacodylate buffer at
pH 7.4 with 10m™ Lafl, and 0.28M NacCl.
e
2. (Modificd from Kafnovsky, 1967)
Fixative - 2,5% glutaraldehvde and 2% formaldehyde in 0. 1M
sodium cacodvlate buffer - pH 7.4 with SmM CaCl, and
0.23M NacCl. '
Buffer ~ins» - 0.1% sodium cacodylate buffer at pH 7.4
with ot CaCly and 0.44M Nacl.
Post-firat ive - 1% 050, in O0.IM sodium cacodvlate buffer

at pH 7.4 witi Gacl; and 0.47M NacCl.



3. (Dunlap, 1966)
Fixative - 2.5% glutaraldehyde in 0.2M Millonig's phosphate
buffer at pH 7.4 with 0.14M NacCl.
Buffer rinse - 0.2M Millonig's phosphate byffer at pH.7.4
with 0.3M NacCl.

Post-fixative - 1% Os0, in 0.1M Millonig's phosphate buffer

at pH 7.4 with 0.375M NacCl. .
The basic proceedure was to fix the material for 1-1h at 4°C
Or room temperature, rinse for lh with 3-4 changes and post-fix for
2h at 4°C. Dehydration was performed w;Lh a graded series of ethanols
(302 to absolute) following which the material was treated with
propylene oxide for Lh (3 changes) prior to infiltration in a 1:1
mixture of propylene oxide and Araldite for 12h. Treatment with
fresh Araldite for 12h at room temperature preceded embedding at
T60°C for 36h.
For light-microscopy and orientation puposes, thick ('>~1lum) sections
were cut with a glass knife and stained with a 1:1 mixture of 1%
azure Il and 1% methylene blue in 1% sodium borate (Richardson et al.,
1960). Thin (g;ay to gold) sections were cut on a diamond knife,
collected on 200 mesh uncoated or 100 mesh parlodian-coated girds
and stained for 20 min in 50% ethanol-saturated uranyl acetate
followed by 5-8 min in lead citrate (Venable and Coggeshall, 1965) .
Lanthanum impr&gnation (Revel and Karnovsky, 1967) was accomplished
by adding lanthanum nitrate to the conventional glutaraldehyde/
formaldehyde fixative and buffer rinse (recipe 2) to give a 2%

lanthanum solution followed by a 1h rinse in 0.03N NaOH (Albertini

and Anderson, 1974). The tissue was then post-fixed, dehydrated and



embedded as before, Thin sections were efther stained with uranyl
acetate and lead citrate as before or examined unstained.

Thin sections were viewed fn a Philips EM-200 or FM-20l
electron microscope.

For freeze-fracture replication, jellyfish were fixed with
glutaraldehyde in cacodylate buffer (recipe 1) for 1-2h and after 3
buffer rinses were cryoprotected with 25% glycerol (in recipe 1 rinse)
for 1-4h. Material was frozen on gold stubs in Freon-22 and kept in
liquid nitrogen prior to fracturing for up to 4 days. The material
was fractured under high vacuum in a Balzers BA 360M freeze-etch
device. The platinum- and carbon~coatodtroplicas were isolated by
digestion of fractured tissue with chromic acid and picked up on

200 mesh naked grids.

Electrophvsiology .
Extracellular recordings were made with flexible suction
electrodes constructed from polyethylene tﬁbing with diameters
between 25;100um. Sea water was used as the electrolvte and was
connected to a Tektronix T™ 503 preamplifier via platinum or
Ag-AgCl wire. Amplified and differentiated signals were fed to a
Tektronix 5103N storage oscilloscope and a Gould 220 Brush Recorder
for display. 1-2ms square pulses from a Grass SD5 Stimulator were
used for tissue stimulation and oscilloscope trace triggering. The
use of a WPI 140A Scope Raster/Stepper allowed display of multiple

consecutive oscilloscope tracings for analyzing the effect of

repetitive stimulation.



Intracellular recordings were made with glass micropipettes
filled with 3M KCl and with resistances between 3J0-60M51.  Signals
were fed into WPT M701 DC Ampliflers and displayed on a Tektronix
5103N storage oscilloscope and a Gould 2400 Brush Kecorder. For
current {nject fon long (h()().ms) SqQuare pulses from a Qrass S44
Stimulator were passed to ground. Difficulties with balancing the

4

'
fntracellular potential via the bridge-circuft of [hc}"[)(‘, amplifiers

made simultancous voltage measurement and current 1@5 tion with the
.
same electrode unobtainable.
The principle preparation used was an
of Polyorchis consisting of a single radia

margin and manubrium. This was pinned to the Sylgard (Dow Corning)

base of the recording dish and kept at about 13°C using a glass coil

with circulating sea water. In some cases whole animals were used
for extracellular recording. Jellyfish were pinned subumbrellar

L
side up without cuts through the margin. The greater activity

(compared with the isolated radius) and difficulty of restraining
these preparations required the use of slightly larger electrode
diameters (75-125um) and greater suction force. For intracellular
recording of the radial canal, the overlyving radial muscle was

peeled off énd the canal was slit along its lumen (Spencer, 1978).
Intracellular rvcording of the endodermal lamella required stripping
away a patch of swimming muscle overlying the lamella with a fine pin.
Easiest access to these endodermal cells was obtained between

lateral branches of the radial canal where the mesogleal layer

between subumbrellar ectoderm and endoderm is thinnest.
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For the elec(rophyulology figures, potentials above the base line
are positive for (ntracellular recordings and negative for
extracellular recordinga. The diagrams which .ccompcd§ oacilloscepe
and chart tracings show the locations of the stimulating and
recording electrodes using the following symbols: S - stimulating
electrode, R1 - recording electrode #1, R? - recording electrode 2.

Unless otherwise stated all figures are oscilloscope trac ings.



RESULTS

I. CROSS ANATOMY OF POLYORCHIS

The anatomy of Folyorchie penticillatus is typical of anthomedusae
(Fig. 1). The tall dome-shaped bell consists of an outer exumbrellar
and n? inner subumbrellar lu;fnce. Theas surfaces join at the velum
which is an annular flap projecting inward from the base of the bell
or margin. Numerous tentacles, with conspicuous ocelli at their bases,
originate at the margin. The manubrium {s attached to the apex of
the subumbrella by the peduncle.

Two major divisions of endoderm are present. Firstly, ghere is
a contiguous canal system consisting of a marginal ring canal] with
branches into the tentacles, four radial canals (with lateral
extensions) which pass to the apex where branches enter the gonads,
and the tubular cavity of the manubrium. Secondly, there exists
an interradial lamella connected to the radial canals and the ring
canal.

The exumbrella consists of a sheet of ectoderm and 1s separated
from the endoderm by a layer of fibrous, acellular mesoglea (bell
mesoglea) which is very thick except at the margin. No nerves or
myofibrils have been reported in the exumbrella (except at the margin)
of any hydromedusan.

It is convenient to distinguish two regions of the subumbrella;
the perradius where a radial canal passes from the margin to the

bell apex and the interradius which is the triangular region between

adjacent radial canals.

11
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The subumbrellar surface is composed of a sheet of circular,
striated myoepithelium (swimming muscle). At the perradius, the
ectoderm is bilayered with an outer longitudinal, smooth myocepithelium

(radial muscle) in addition to the swimming muscle (Plate la). A laver

" of mesoglea, which is thin relative to bell mesoglea, separates the

subumbrellar ectoderm from endoderm. Nerves in the subumbrella are
limited to :%o radial nerve bundles on either side of the radial
muscle (Plate 1b) and the peripheral radial canul nerves (Plate 12D,
In addition, there are scattered, circular, smooth mvofibrils at
the base of the endodermal cells of the radial canals (Plate 1d).
The primary nervous "center" of hydromedusae corsists of *he
inner (subumbre?lar) and cute r (exuriirellarD) maryival nerve-rings.
These nerve bundles are located adjacent to the riny cana'! at the
"ttiradius'" where the nesoglea of the subumbrella, exum? r;"lla and
vélum converge (Plate 2a).
At the margin, the exumbrellar ectoderm is greatl thickened
afid contain: 4 well-developed array of circular, ¢- b myofihrils
Sphincter muscle® at the mesogleal interrace (Plate 2b). A
sparse distribtution of radial (longitudinal) smooth myvofibrils occur
at the basc of the ectodermal cells of the exumbrellar side of the
velum (Plate 2¢).

he

The swimming mvoepithelium of th'e subumbrella continues at t
margin almost to the inner nerve-ring and reappears at the base of
the velum where it extends to the tip of the velum (Plate 2a, ¢).

The ring canal contains periperal nerves and basal circular

smooth myofibrila, as in the radial canals.

Although not secticied, 1t can be assumed that the manubriam and

)
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tentacles of Folucrchis have ectodermal nerve plexuses and longitudinal,
smooth myopithelia as reported in other anthomedusae (Kawaguti and
Hamakoshi, 1963; Jha and Mackie, 1967; Mackie and Singla, 1975). 1In
addition, there may be an ectodermal nerve plexus in the peduncle as

described in “¢tormetooc: (Mackie and Singla, 1975).

II. SPECIALIZED MEMBRANE JUNCTIONS IN THE EXCITABLE ENDODERM OF

PCLYCRTHIS
<

a) Veriftcuriom of Epithelial Exrizad ilivy

Extracellulatv recordings from the radial canal and endodermal

lamella (Fig. 2, 3) demon: - ‘¢ conduction of endodermal dimpulses
upon electrical stimulation o! the endoderm. Alt! ‘racellular
action potentials vary greatly in exact form fror ooto
recording, the impulses recorded {ron these two re. / the

endoderm have consistently different shapes (Fig. 2, 3). The

-
endoderral lamellar pulse (FLPY consists of an initial qui.k,
negative deflection followed by a slower, larger amplitude
negat ive-going potential and the endodermal canal pulse (ECP) is
of a more cormplex form with an initial shoulder preceding the
negat ive peak, a long duration final negative phase (often flattened)
and a pronounced positive after-potential (see Figure 11 for the
general pulse forms and Table 1 for pulse parameters). An
inportant characteristic of endodermal conduction is the passape of
excitation betweer radii (Fig. 2) provided by the presence of
electrical connections betwee: lamella and canal. This conduction
between radiji i+ ssociated with a substantial time lag in the

appearance of tLin (Fig., 2) and the conduction velocity observed with



FIGURE 2 Conduction of endndermal lacollar pulses (ELPg).
a) FLPs excitad by dircet cndoder.l Yamellar ot i=ulat ion showing
conduction within a singic radiue,
b) * Conduction of EYI‘Ps: between radi{ showivg the delay in
condition time associated with excitation tranefor between

N

encdodi.mal loweila and radial canal.

Trace 1 is recyrding from electrode 1 and trace 2 o recerding

froon electrods 70 Asterisks indicate stimulus artifacts. Diugram
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recording electrodes in different radii {s significantly lower than
the ELP velocity within a single radius (Table 1I).

To verdfy that the excitation recorded from a radial canal is
a8 property of the epithelial celis and not due to the peripheral
canal nerves, intracellular recordings have been obtained from the
canal (Fig. 4a). These intracellular recordings are comparable
to those reported by Spencer (1978). Although the consistency of
resting and action potentials and the small size (1-3;.m) of the canal
nerves makes {t virtually certain that these recordings are only
from endoderral cells, the possibility exists that nervous activity
might in some way contribute to or modify the epithelia: potential
in the propagation of excitation along the canal. Since no nerves
(nor myofib;ils) have been located in the endodermal lamella (cof
any jellyfish), intracellular recordings from thig region (Fig. 4b)
unequivocaily attest to the excitability of endoderm. The mean
resting potential of lamellar cells ig -67.4mV (S.D. 2.9- ., = 52)l

In order to Investigate the mechanism by which enc al cells
conduct non-decrementing action potentials, intracellular recordings
were made from two endodermal lamellar cells simultaneously. Long
(600ms) current pulses (of either polarity) through cell 1 cause a
deflection of the resting potential of cell 2 (rig. 5). This
demonstrates that the -endodermal cells are electrically coupled.
Howévvr, it was not possibie to quantify the efficiency of this
coupling by calculating the coupling coeffi;ieht (voltage of injected
cell 1/voltage of cell 2) due to the inability to record voltage

and {inject current sinmultanecusly with the saﬁévelectrcde. Although
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Impulse Types.

Amplitude (my)

Duration (ms)

Yelocity {cm/s)

Conduction

Rising Overall
- 4 — ¢ - 4 -+
¥y -S.D. n x - S.D. n x -S.0. n x -S.D n
Endodermal lame!lar . . . TS
A v 1.2 - 0.7 a0 22.0 - 3.2 40 44.2 - 8.1 40 16.4 - 4.9 23
pulse (ELP
6.4 2.1° 9
Endodermal canal . N . .
\ V- 1.2 - 0.5 62 20.4 - 6.3 60 56.7 - 9.0 60 16.8 - 4.7 13
pulse (ECP
Radial myscle
. A ARAR 163 551014 ? LRI 7 st 36 23
potential (RMP} .
19.5 - 4 25
205 %43t 1
Exumbrellar pulse N . + .
0.9 - 0.5 kL 7.4 1.3 2! 22.3 - 3.5 20 7.0 - 1.4 3

(€P)

“Amplitudes and durations for ECPs and RMPs are only

distinguished.

v_:;; 3 single radfus.
“Between radii.
nfﬂo;o_ pathway.
n»uwni pathway.

m_uoo;a marginal and apical pathways.

from recordings in which the ‘wo pulses were clearly



FIGURE 4 Intracellular recordings of endodermal {mpulses.

a) Intracellular action retential recorded from the radial canal
arising from a reeting potentjal of - 59 v, Extracellular
endodermal stimulation. Chart recording. Scale bar‘d— horione 1.
40 ms, vertical: 25 my.

b) Intracellular action potential recorded from the endodermal
lamella aricing from a resting potential of -68 V. Extraccllnlar
endodermal ctinulation, Scale bars - horirontal: 20 msy overtical:

20 mV.

IR NS Electrical coupling of endodermal limellar cells.

o~

. . -8
Passing 600 my pulses of hyperpolarizing current (I x 10-7 A) through
cell 1 deflects the resting potential of cell (0.1 mm Jdistant)
demonstrating the presence of low-resictance intercellular

comect fons between endoderaal Tamellar cclls.  Chart recording.
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alternatfively it {s possible to calculate the space constant of the
epithelium by determining the voltage decrement with Increasing
distance with a constant level of current Injection, insufficient

two elect rode recordings were obtained to permit this estimation.

b) Lanthanum Impregmation of Endedeorm

In order to correlate the observed electrical continuity
between endodermal cells with specialized structural contacts,
endoderm was fixed for electronmicroscopy in the presence of
lanthanum (which per;ades the extracellular space without penetrat ing

membranes) to outline physical contacts between apposed cells,

(1) Septate junctions

Arrays of septate Junctions are prevalent at the lumenal border
of the endodermsl canals (Plate 3a) and are especially apparent in
lanthanum-impregmated material. Although Iow—magnificétinn micrographs
(Plate 3a) suggest a heavy impregnation by lanthanum at septate
Junctions, higher magnifications (Plate 3b, ¢) show that there is
either an incomplete penetration or that lanthanum was washed out
of these regions during subsequent tissue processing. This 1is
contrary to the results of other workers where thorough saturation
of septate junctions by lanthanum has been obtained (Hudspeth and
Revel, 1971; Hand and Gobel, 1972, Baskin, 1976; Filshie and Flower,
1977). This absence of lanthanum from septate junctions and the
general extracellular Spact appedrs to be related to the large
dimensions of these regions as lanthanum thoroughly and permanent ly
penetrates gap-jurctions (Plate« 4a, S, 6) which possess much narrower

intercellular spaces,
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In transverse section, these septate junctions are characterized

by a constant overall width, which varfes between funct fons from
25-26nm, with an intercellular space ot 13-l4nm. The septa are
regularly spaced with a periodicity of about 14.5nm and are about 7.5nm
in width (Plate 3b). Although septa are consistently present f{n
septate junctions, the extent to which they occur along the length
of the specialized junctional membrane is variable. The most
constant feature of these junctions is the regular spacing of the
apposed junctional membrane and the formation of numerous belts
enclosing narrow cellular processes or interdigitations (Plate 3a,
b, ¢).

In tangential view, the septate junctions of I lyorenis appear
as a series of faint (due to poor lanthanum penetration) concentric
curves (Plate ). This appearance demonstrates that these septate

Junctions are of the "ry iri-type' as opposed to the honeycomb or

.

pleated arrangement of tangentially sectioned septa in non-coelenterate
septate junctions (Danilova ¢ :!., 1969; Staehelin, 1974).
Septate junctions are also common in the endodermal lamella,
however, no obvious localization within this tissue is detectable.
Within the ectoderm, septate junctions enclosing interdigitations

occur at and appear to be restricted to the external surface of the

exunibrella (Plate 3d) and subumbrella.

(ii) papjiﬂﬂﬁﬁiopg
In the endodermal canal), pap-junctions are normally not closely
associated with septate junctions. They tend to be concentrated at

or near the periphery of the canals (Plate 4a) .,
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In conventionally stained sections these Junctions have an
Intercellular gap of 4-5am between apposed outer membrane leaflets
and an overall width of l4-16nm (Plate 4b).
In tissue impregnated with lanthanum, gap-funct fons are more
easily recognized and the ultrastructural features are accentuated.
q
It is apparent that Jlanthanum persists only at gap-junctions, having
been washed out of the non-junctional intercellular spaces (Plate S).
The central electron-dense band in these lanthanum-filled junctions
is about 7.5-8.5am. To verify that this distance corresponds to the
. .
intercellular space + the two outer membrane leaflets, this region

.

was mcasured In conventionally stained gap-junctions and is 7-8nm.

The overall width of lantharum lled gap-junctions (15.5-17.0nm) is

also comparable to conventtonally stained gap-junctions. In certain
»

regions of these transverselv sectioned Junctions, electron | . ¢nt

bridges connecting the membranes of adjacent cells can be seen

crossing the lanthanum layer (P1a£e 5b, inset). These lucent

bridges have a width 6% about 6-7.5nm and display a periodicity of

about 10-12nm. At some bridges a central electron-opaque line

(ca. 2nm wide) can be seen passing between membranes (Plate 5b, inset).
In en face sections (parallel to the cell surface) gap-junctions

anpear as discqidal plaques containing polygonally packed electron-lucent

globules with a diameter of about 7.5-8.5nm (Plate 6a, b, c). The

spacing of these glonIes is not as regularly hexagonal as usually

described in mammalian tissue (reviewed by McNutt and Weinstein, 1973).

Whether this is a characteristic of medusan gap-}unctions or {is

related to their functional state is uncertain. This variance in
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spac ing ts obuerved between plaques and afthin single plaque.
Where plobales are widh'ly separatoed lanthanun (111 the Interveniog

coand polvegnal packing 1o Jeas obvions, (. Plare b » Plate 6.4, by,

Thé Ccenter to center divtance hetween plobulen, when measuring neareat
neiyhbors, 4 10-11 .%0m. An electron-opaque dot, 2nm wide, i
apparent ot the center of most plobnlen, At hipgh mayniftications many
of the plat nles appear star-shaped (Plate 60) which suppeat s they
are composed of multiple subunits althouygh photographic rotation
would be required to resolve the exact number (Peraccehia, 1973)
Gap-jnn- tions are also common in ¢ he cndedermal larella bur,
as is the coae tor septate junct tons, they shw no specitic localizat {on
within thi- t1:ane.  The tightor associat ~on of septate and pap -
Junct ions within the lavella (Plate ed) s Titely a conncaguenie of
the cnallor Liod (Gidnee Yoie i hedhr g, COnparcd to SU,m fog
endoderzat canal cella)y of lamellar cells.,
Within the ectoders. nap-junctions are especiglly prevalent
between swirming myocvtes (Cpencer, 1979, Thev have also heen

observed within peduncalar ectoders and wisthin exurtbrellar and

subumbre!lar cctodern at the miryin.,

) .- Ser PN N e S oo " e e, T v
(&R Froo e =T o NN PN St L LT ed T«
. : oo )

In d(Hi{ ion to the lanthannmr impregration method, freeze-fraot-re
replicat i is a valuable tool in detailing the fine-structure of
specialiced membrane Sunctions (reviewed by Staechelin, 1974 Gilula,

Te 7). Thio rethod allow. three-dimensional visualization of the
fntramenbrarcous protein particles due to the fact that the lipid laver
of merbrane . in frozen tiooge Preseats the least resistan. o to

cleavin,g (1¢* icwed by RKobards, 1674).
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ITTI. EXCITATION PATHWAYS MEDIATING CRUMPLING BEHAVIOR I N I Ly =riyre

al) Desoriition o the Cruy [in Hesp onse

-

M L]

Crumpling behavior in Foliorehils penisl It can be elicited bv
mechanical or electrical stimulation of any part of the cpithelial

surface. The exumbrella at or near the margin and any region of the
-~

subumbrella are especially sensitive and in an unfati,ued animal
will invariably evoke crumpling if stimulated.

Full crumplin, behavior involves the simultaneous contraction
of the four subumbrel lar (ectodermal) radial cuscles (which may be
a stepped response invelving numerags twitches) concurrent with
contraction ¢f the narpinal (ectodermal) sphincter nmuscle, the
longitudinal (evtodermatl ) muscles of the tentacles and manubr iuc
and the radial (exumbrellar) muse le of the velum. The net result
is an involution of the wargin, with the retracted tentacles orie: tod
Centripetally and upward within Nu' subumbrellar cavity, a shortening
and widening of the bell and a narnpwing of the bhel] aperture .
Crumpling thus serves to position th(\deli(‘at(' tissues (tentacles,
nerve-rings, manubr iutn and gonads) witlri‘n the partially c¢]osed
subumbrellar cavity., Thisg presumably acts to protect the animal
frecm a mechanica! disturbance, severe enough to excite the
epithelial surface, whict, might represent a potential harard to the
relased jellve, . dowever, no behavioral studies on any
crumpling jeliv:. ' have heen made o sebstantiate the view that
this responae does indeed protect the animal 4 rop intruding organisms, .,

n

In addition, it has been suggested (Spencer, 1975%) thay crunmpl ing

may serve to transport a negat 1ve ! buovant ellvtish frog an
A P 13 A A A



attacrer by inditiating, sinkingy Jdue to the reduced dray, of the

crunpled coing !

The corntevit T ol the hehavier beeome obvious when g Taryg

nunber o 0 el hve beon exarined, Ttoapprars that alibon b

-

smaller ol iwf T wil) Conniotons ] FIve aostreng crarg e owitt

to Tarcc cioed anital s are leo: Pivedly to pive o nll (e e
L N P Mo e Tarpor anis iy ot ten solowoa partial

and rad. ! e [REE O I S ER N I TS Shhos tor s e e o
Alteroge ., Gy Ctriioal tir Clen ot 3 SEENE DFEE SN S R
R YR K PR S K S N R O O A B and prode e g
Crungp le oo nr v i L O O R F I SUTEE SIS R 0
Liaiae et i b L are clven gt cor e ritical Proeqguaen v, D STRE
S I RN : cored ot B S S O S SO SN T O L ,
e O R R dependenty Oociirar . in th b red
AL R N P I L R U O A S S SRR SR Presodent o er
Intorvernt © SR ST Ot 1 has been ooty Tt o in T Oty
anthored oo T Gy o R o L R S TER A
L I L PSR LU S TR R Y L P I
CaT T el vt e TG e o sphodtcter Comtract Do g
EMPooal oy b T Ceobiran, w ta bl crann T bt
L0 T O S S S N S Tooduar o, R IR BN
I Te Tore : i ! \:;:' [T S evlden oo o
v 1." [(SSITI N 1 ! T oy by Por Uaennt that N



In erdve te denonatrate the i which medlare crunting
the radiad o le wag recerded froo with suction elo trodes., Activity
Of this e le was Lncuned to he indicat ive of g cramplin: resporae.,
Excitation of radial roacle upon subnebrellar stimelation was
investipated to doter: o™ the mean., by which endodermal irpulses
initiate croepting.
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from radial muscle (perhaps summated with radial nerve activity) and
radial canal only.

Distinction between radial muscle and endodermal activity was
expected to be difficult. On the one hand, these two tissue tyvpes
are not spontancously active and it is well established that endodermal
excitat ion occurs concomitant with crumpling (Mackie e¢? al., 1967;
Mackie and Passano, 1968; Mackie, 1975; Spencer, 1975, 1978). Radial
muscle and endodermal excitation should therefore always occur
together. Furthermore, it has been proposed (Mackie o2 i, 1967,
Mackie and Passano, 1968) and substantiated (Mackie, 1975; Mackie
and Singla, 1975) that activation of radial muscle occurs through
an electrotonic spread from endoderm via epithelial bridges. Hence,
it was also anticipated that there wou.d be a tight time relation.hip
between the arrival of endodermal canal pulses (FCPs) and the arrival of
radial muscle potentials (RMPs) in recordings from radial muscle.

The simultaneous activity recorded from two radial muscles
during endodermal stimulation (Fig. 6) sho complex (RMP/ECP)
potential usually obtained. ' These records (Fig. 6) involve
electrodes positioned on radinlimuscle equidistant from the
stimulating electrode and therefore coincide. It was apparent that
recordings from the radial muscle consisted of two separate phases
of activity; a slow potential (circle in Figures 6 and ? and all
subsequent figures), which closely resembles FE(Ps recorded from
canal free of radial muscle (Fig. 3a) and a very quick (ca. Sms
rise time) phase usunil, exceeding the slower potential in amplitude
(triangle in Figures 6 and 7 and al. subsequent figures). It

seemed reasonable that this large, quick event was the radial muscle



G

FIGURE 6 Simultaneous crumpling response of two radial muscles.

Complex potentials with slow (¢circle) and fast (triangle)
components recorded from 2 radial muscles during crumpling initiated

by stimulating the inner base of the manubrium. Recording clectrodes

1 and 2 are cquidistant from the margin and the stimulating electrode

Symhols as in figure 2. Scale bars - horizontal: 50 ms; vertical:
2 m\V.
FIGURL 7 Recording of similar crumpling potentials at two positions

on a radial muscle.
Similar complex crumpling potentials recorded at two positions on a
radial muscle upon stimulation of endedermal lamella. The response
appears first at electrode 1 which is closer to the stimulating
electrode. The slow (circle) and fast (triangle) components app.car
at the same phace of the response in both records.  Symbola as in

figure 2. Scale bars - horizontal: 50 me; vertical:  2mV,
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potential. The compound potential recorded from radial muscle often
had a latency directly proportional to the distance of recording
electrodes 1 and 2 (R1 and R2) from the stimulating electrode (S),
with the quick event occurring at the same phase of the potential

at Rl and R2 (Fig. 7). Other cases were obtained in which the quick
event appeared at different phases of the crumpling potential at

Rl and R2 alth:ugh the latency of the response initiation was again
proportional to the distance of Rl and R2 from S (Fig. 8a, b). This
was enigmatic because it is expected that there would be a tight
relationship between the appearance of ECPs and the appearance of
RMPs at all recording sites if endoderm directly excites radial
muscle.

Before resolving this ambiguity, it is necessary to confidently
distinguish the ECP from the RMP phase of the complex responsc
recorded from radial muscle during crumpling. The approach used was
to compare the compound crumpling potential with activity of
isola'ed radial canal and isolated radial muscle. The usual compound
event recorded from intact radial muscle (Fig. 9a) becomes simplified
when the underlying radial canallwas recorded from after the radial
muscle and radial nerves were stripped from the region (Fig. 9b).

" This demonstratcs that the slow, long duration component of the complex
event is indeed the ECP (see Table 1 for impulse parameters). The
complementary experiment involved isolation of radial muscle from

the radial canal. Prior to dissection, a typical RMP/ECP complex

is reeorded from Rl and R2 (Fig. 10a). Note that the slow and quick
phases are dissociated here because the muscle was cut apically for

reasons that will beccme apparent. When a portion of the radial



FICURE 8 Recording of crumpling potentials which differ at two
positions on a radial muscle.
Complex crumpling potentials recorded at two positions on a radijal
muscle which ditter in waveform, In these recerdings resalting
from endodermal lam - 1lar stinelation the :agt (triangle) compon it
occurs at different phases of the slow (circle) potestial. In a)
the response appears first at recording electrode 2 which io closer
to the stimulating electode. In b) the slow potential arrives firste
at the clectrode closer to S (Rr2 but the fast potential arrives
firet at Rl which is closer to the margin. The apical attachmens
of the radial muscle was inadvertently damaged (semicircle).  Synmbote

as in figure 2. Scale bars - horizontal : 50 ms; vertical: 2 mv.






FIGURE 9 Determination of the endodermal canal pulse (1:CP)
compeonent of the crumpling potential.
a) Complex crumpling potentials recorded from intact radial
muscle with endodermal lamellar stimulation.
b) Recording from the radial canal after radial muscle is peeled
of f showiny that the slow component (circle) of the potential in a)
is the endodermal canal pulse (ECP) and suppesting that the quick

component (triangle) in a) s the radial puscle potential (RMP).

Symbols o in fipgure 2. Scale bars - horizontal: 50 ms; vertical:
2 mV.
FloUuel 10 Determination of the radial muscle potential (EMP)

corponent of the crumpling potentinl,

a) (‘omi;.l(‘x crumpling. p.tentiols recorded from intact radial
nmuscle with endodermal lamellar stimulation. The apical
connecticn of the radial muscle has been cut (semi-circle).
b) Conprarisen tetween a complex crunpling potential, showing the
slow (circle) and fast (triangle) components, from intact radial
muscle (K1) and pure radial muccele potential (RMP) from isolated

[ 4
radial muscle (R2).  The faot cormponent (triangle) of the crumpling
response is therefore the RMPL Svmbols ac in figure 2. Scale bars
vertical: Jom\.

horizontal: 50 ms
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FIGURE 11 Tmpul e wavetorme and Jdet init fons of their electrjoeagl
parameters,
Diagrams of characterist i waveforas of the endodermal lamel lar
pulse JELDY ) ondodermmal ool pulse (ECP), radial muoele votent ial
(Kk¥2) and exumbrellar pul. ¢ (FP). Riving darvation . detined o the
time botween potential initiation Vo) and peak nepative potent ial
i
(V ) and over.a:l duration s defined 25 the time bhetween potential
p

-»

inftiction and poai after-potential (7). Impulc amplitudes were

f

measured Lo the magnitude of nepative peak to poait lve PUGr o tent

(h).
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of ECPs and RMPs. It is, therefore, valid to distinguish the two
phases of the complex event recorded from radial muscle solely on

the basis of differences in impulse amplitude and duration.
Differentiation g;tween the endodermal and radial muscle elements

of the crumpling event then allows an ascertainment of the conduction
pathways exciting radial muscle by comparing the relationship

between the response latency and point of stimulation for RMPs and

ECPs recorded from the radial muscle.

v ; T ) po v * PRI . B ’ e v : N o e
c) Exoitation Pathwiins Artive dwrine Slumired

of Cruwrmp ling:

Referring back to Figure 8b, RMPs recorded by & and -,
at dffferent phases of the compound crumpling event. X e
the ECP arrives sooner at R2 then at R! gince the stimu. .o ¢

electrode is closer to R2. However, as noted betfore, the r.

arrives first at R1. This sugppests that the endoderrmal Dame. lar
pulse (FLP) must pass to the marvin i order to initiate an RMP
and that this muscle excitatior .s ttes conducted towards the apex.

t

In order to confirm that marginal excitation of radial muscle
occurs, the effect of altering the position of § while Rl and R/
remain stationary was tested (Fig. 12). When the endodermal

lamella is stimilated at a position near the margin (Fig. 12a) the

1
latency of RMPs is dependent on the distance of Rl and R from

’

the margin, {.e. radial muscle activity is infitiated at the marpin.
However, movement of S towards the apex has an unanticipated effect
(Fig. 12b). Rather than sinply delaying the time of arrival of

x
theg crumpling event, this apical positioning qu@ causes the latency
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of the RIP at K2 to markedly decrease such that it precedes the errival
of the RYP at R, the electrede nearest the margin.  dhis result coan
be accounted for in two ways; cither apical stimulation produces a
direct endodernmal excitation of radial muscle (note that the Eop of
R2 in Figure 12b arrives before the ECP of R1) or there exists an
apical RMP pathwav in addition te the naryinal pathwav.

To discriminate between these two possible mechanisme of apical

radial muscle activation, radial muscle was cut midway Petween it-

maryinal and d}’“.ixxagl&hmvnts; (Fig. 13). Since the two segnents
. - Y 14

- ‘.

s « P . . . 1 .
of muscle ecach have ail iMmtact connection at opposite ends, this
allows a ceparation of the maryina! and apical excitation rontes
within o single radial muscle.  Indodernal stimelativa produaces p
condu-tion towards the apex in the maryinal portion of the musc e
(Fig. 17%) and PMP conduction tewards the margiv in the anical

& i
porticn of the muscle (Fig. 13b) . Becausce S is dictant from the s;it”
of RMP initiation in both cases, awide dissooiation oconre Letweon
the ECP and BMP oat the more distal recording ele trode (KRI in Fipare
133 and K1 in Pigure 173b). This dicjunction of the ECP and RMP in
§ J

R1 of Fipgure 130 indicates that the apical initior ion of crurnpling:

does not duve lve a direct endodermal excitation of radial muscle but
thot there sust be a distinet apical pathway in addition to the
marginal RN pathway.

Experivents were then made to substantiate the independence ot
endodv ool ol radial nuscle conduct ion. In order to simplify the
analyvsic, pre ivations were often used in which one of thie conduct ion
pat hways 'w.ss dortroved . In derarginate preputations, the radial

muscle cod radial nerves were severed at o the margin and in



depedunculate preparations, Lhe radlial muscle and nerves were
severed apically at the base of the peduncle. Both of these
operations were done without damaging the continuity of the
underlying radial canal.

Radial muscle was isolated from the endoderm by cutting the
endodermal lamella and radial canal around a region of muscle in a
demarginate preparation in order to determine whether an RMP would
conduct along a muscle in the absence of endoderm (Fig. 14).

Endodermal stimulation elicits crumpling which is associated with

an ECP and KMP recorded from intact radial muscle prior to dissection

(Fig. l4a) and from an intact region of muscle after dissectioq
(R2 in Figure 1l4b). Removing the radial muscle from contact with
endoderm blocks the appearance of ECPs buﬁ does not inhibit RMP
propagation (Fig. 14b).

Additional cutting experiments were performed to verify that
initiation of the radial muscle response requires connection of the
muscle to the margin (for the marginal pathway) and to the peduncle
(for the apical pathway). The marginal evnduction of RMPs in a
depedunculate preparation (Fig. 15a) is blocked when the ma;éinal
attachment of the muscle and the radigl nerves are also severed
(Fig. 15b). Similarly, the apical conduction of RMPs in a
demarginate preparation (Fig. l6a) is prevented by cutting the
connection of the radial muscle and nerves at the base of the
peduncle (Fig. 16b). In both of these experiments the conduction
of endodermal impulses is unaltered and the observation of sphincter

muscle contraction associated with this endodermal excitation

shows that crumpling is still activated.

46



FIGURE 14 RMP conduction in the alisence of endoderm.
a) Recording of an ECP (circle) and RMP (triangle) from an intact
region of radial wmuscle in a demarginate preparation. This recording
was made before dissection at about the position of R1 in b).
b) RMPs conduct through repions of radial muscle isolated from
the underlying endoderm. No ECP is recorded from R1 although an KECP
and RMP 15 recorded by R2 on intact radial muscle a ¢bort distance
awiay. Symbols as in figjare £. Sewmi-circle marks radial naso le

incision muscle, Scale bars - horizontal: 50 ms; vertical: 1 =V,






FIGUKE 15 Requirenent of mary inal RMp pathway for radial muse e
attactieent to the Margin.
a) RiPs (triangles) conducted from the margin and ECPs  (¢fre 1ew)
recorded trom radial nuscle in oa depedunculate preparation with

endodermal Jame 1 1ar Stimulation.

b) ECPs recorded from 1adial muse Le atter marginagl attachment
of the muscle iy cut (semi-circle). Initiation of MPs g bloowed,
Symbols as in figure S Semi-cireles mark oradial musc e incisione,
Scale bars - horizonta): 50 sy vertic gl 2 om\.
.
FLOURE o Fequiveront of apjool RMp pathvay tor radial musele

attachnment to the Lowe of th podanc e,

. ’ : )
a) REPS (trianglewd conducted from the apex and s (crrc o)

recorded trom lei:il nuscle v a dermarginat e Preparation with
endodermal lamel 1ot ot imulat Ton.,

b) ECPs recorded from radial mus. e after apical attachment

of the muscle s cut (semi-. ircie)., Initiation of EMPa s Blocked,
Chart recordin. s, Symbols o0s in figure 2. Semi-circles rark radial

4}

muscle incisions.  Scale bars - horizont al: 50 ms; vertiogl: 2oV






To further demarcate the two RMP pathways the conduction
parameters of restricted (demarginate or depedunculate) and intact
preparat fons were investigated; Conduction velocities of RMPs were
calculated by dividing the distance separating two recording
electrodes by the time difference of their RMPs. Estimates of
conduction velocities for the two RMP pathways can be obtained only
in restricted preparations where the excitation pathway is certain.
It i{s apparent that the difference between lho mean conduction

N
velocitjes for the two pathways is negligible (Table 1). There 1is,
however, a distinction between RMP latencies when comparing the
crunpling events of a restricted (Fig. 17) and an intact (Fig. 18)
preparat ion. If only one pathway exists to excite the radial muscle,
the difference in conduction time between R1 and R2 remains
constant when S is moved (Fig. 17a-d). Alternatively, if both
pathways are available to activate RMPs, the difference in conduction
time between R! and R2 is variable and a certain critical positioning

of S will cause the RMPs of Rl and R2 to superimpose (Fig. 18a-d).

51

For a statistical treatment, the means of the RMP conduction velocities

for marginally and apically directed conduction of each preparation
type (restricted and intact) were pooled. Note that for the intact
preparat ions this measurement results in an "apparent' conduction
velocity because differences in the RMP latencies between Rl and R2
are duc to the presence of two pathways and not to a change in the
velocity of RMP condurt}on. Use of the Whitney-Mann U test (Miller
and Freund, 1977) demonstrated that there is a significant difference

(p > 0.05) between the mean RMP conduction times of restricted and

intact preparations (Table I1). In addition, there is a highly



FIGURE 17 RMP conduction times in a restricted preparat fon.
RMP s (triangles) ;md‘ ECPs (circles) recorded from a depedunculate
radial muscle at four (a-d) stimulating positi.neg on the endodermal
lamella . A« S 1s moved apically the responae latency of the RMP
increacos, The Jifference in conduct @ n time hetween RMPS at P11 oand
R? remaing conctant at all stimulation sitee. Symbola as in fipure
2. Semi-circele wmar ks radial muscle incision.  Scale bars - horizontal

50 m.;, vertical: 2 omV.






FIGURE 18 RMP conduction tuines in an intact preparation.
RMPs (triangles)y and ECP: (¢ircles) tecorded from an intact 1adial
muscle at four (a-d) stimulating positions on the endodermal ltamell .
in a) and b)) RMPs arvive fir<t at the electrode nearest the margan
(K1) since S s ciose to the mar g it Tt ) ana Jd) EMPs appear tirst
at the mote apical electrode (RO since S is cloce to the peduncle.
The differen ¢ in conduction time between RMPs at Rl and K2 is
variable due to the possible inttiation of RMP« at hoth rnd§ ot the
2

radial muscle especially apparent in b). Symbols as in fi{gure 2.~
.

Scale bars - horizontal: 50 ms; vertical: 2 mV. -






TABLE 1T1. Conduction Times of Radial Muscle Potentials.

Restricted Preparation

Conduction velocity (cm/s)

x + S.D. n
Marginal pathway 21.6 * 3.6 23
Apical pathway 19.5 + 4.7 25
Pooled pathways 20.5 * 4.3 48

* These measurements are not true conduction velocii)es because they

involve conduction of RMPs in two directions (see text).

Y
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FICURY 149 Diftercantinl tat e of the Lwo R pathwass in an
intact prop aration.

Raster trooinge dovelvin, consccutive sweeps (o-d) of B and Rr2

ecact geparctely triocered by oo stinmulus.,

Apl‘k,l‘l Soolt L st Lo e ENE L (R oof R P caes that of B2y resulton

fron oo vl T T U g LU Ton L Ui s eduae b Laa,, i
‘ S

by reperitive rtiralatsen at 002 pulaes/. (ppe). ’ SO

stimul o in o) excito ralicl merele through the maryinal pat hias

(RMP of FZ precedes that ot El). In b) the RMPs of Il and n2
supcrirnp se ohowine activat ibn of both endo of the mudscle. The

apical parthwoey de thercfore more labile tiot the nargingl patiacay,

1
Ty
Symhil i s YA S TV . 1 .
Symboto e dn figure 20 RMP - triangle, 1P - ¢ircle. Scale
bar: - torizontal s 57 o vertical: I mV.






FIGURE 20 Fatique of the marvgivel and apical RMP pathwave in
restri o ved prepar st iono.

censecut fve swee; s (a-d) of RI o aad wu

Racter tracings involving ;
cach soparatel v tris eredl by o stirmulus,

a V¢pr}itivV stivolation ot G020 pulees o (pra) of endo oo

o Y10 in o Jdepcdienlate pretaretion reeclts in oo g irimal for i
of KMy (triangles) dnitictci at the nar,in.  Fope (vireles) ow g
similar vate o0 fatigae.

b) Repetitive ot rmtation at 0.2 pps of cudodermal Tamella i o
demar; inate preparation reomlts in a sub tontial fa ique ot apically

: SNAY

initicted RMPe. This involves an increa-eld initiat ion delay of Ry

Y
and the fourth cbock faile to activiate the muecle. RS STRS SR F
fivure o, Seni-circies mary rodial muscle inciaion.. Seale by

- horirontal: 56 me, vertica!: 1 mV.






Al

ectoderm between the manubrium and the bdse of the peduncle does not
block RMPs. However, it was not possible to separate manubrial
ectoderm from endoderm to determine whether excitation could pass

along the peduncular ectoderm to the apical RMP initiation site.

/‘v\f‘
Y . . . ) . . .. . .
‘);,}d) Exottation Fithoeie Active Junri e Exwbrellor Stimulation

of Craeylin;

The crumpling Lesponse resulting from e¢lectrical stimulation of
the exumbrellar ectoderm is more variable than the response to
subumbrellar stimulation. Fxumbrellar excitation usually provokes
tentacle retraction, variably activates radial nuscle response and
only occasionally elicitg sphincter muscle contraction. The activity
of the latter cffector defines a "full crumpling response' which is
invariably initiated by subumbrellar stimulation.

Exumbrellar activat ion °f crumpling is associated with the
conduct ion of exumbrellar pulses (EPs) whiclh differ niartkedly from
endodermal pulses (ECPs and FLPs) in terms of impulse form and
duration (lable I and Fig. 11) despite the histological sim%larity

of the exumbrellar ectoderm and the endodermal lamella. Eventhough

-

!
EPs consistently result from exumbrellar stimulation, there isg

_unually not a one-:o-one relationship between Pp conduction and

RMP cxecitation (Fig. 21). Lower stimulus frequencies senerally
require more EPs to excite RMPs (Fig. 2la) than higher frequencies
(Fig. 21b, ¢) although no tight correlation between the rate of
stimrlation and the number of EPg required is apparent (cf. Fig. 21b
and 21c¢). In addition, thic (orrelation is highly vartiable between

. »
animals.
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FIGURE 21 Requirement of RMPs for facilitat ion of exumbrellar
pulses (EPs). .
Raster tracings involving consccut ive sweeps (a=-h) of R and R2

each trigpered hy a separate stimuluo,

RMPs (triangles) excited by EPs (squares) das a result of repet it ive

o

stimulation of the exumbrelliar cctoderm at 0.5 pilses/s (ppo) in o)

1.0 pps #0015 and 1.5 ;‘wp(‘. in ). Activation of radial muocle re uires
more Pls oot lower frequencies a) but stimutation at 1.5 pps in thic case
requires more EPs than stimulation at 1.0 pps. Initiation delay

of FPs {s increaced at higher stimuius frequencies ¢). Symbols as

in figure 2. Scale bars - horisontals: a) 100 ms, b) ¢) SO ms;

vertical: 1 uv.,
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FIGURE 22 Variation in crumpling potent iala when exeited by
i 8ol

endodernal or exumbrellar stimulation.
a) Complex crumpling potentials involving RPo (triangles)
FCPs (circles), recorded from radial rua le upotr endodermal
lamellar c<timuelation.

b) Simplified crumpling potentials, fn-olving only RMPs

(trinryles), recorded at the same postition:s as in ) upon stinulation

of the exumbrellar ectodert.  Symbole aw in tigure 7. Scale

horizontal: 50 o vertical: 2 mV.

and

bhars






FIGURE 23 RMPs resulting from exumbrellar stimulation wit hout a
requirement for endodermal exc ftation,

a) RMP (tricngle) recorded ttom radial muw 1o excited by
exumbre llar stimulation in the absence ot endodermal pul ses.
b) Associated VeP (circle) and R and cndodermal Tamellar e
(ELP; open square) recorded from oeloctroden as~ in a) upen endoderrmal
lamellar stimalation.
c) HP followed by compound RMP/ECP and V1P trecorded . rom el trodes
as in 4) excited by exumbrellar stimulation. Endoderm can be o.. tod
by exurbrellar stimulution altheupsh usuaelly after initial radi..
muscle re ises.  Symbols as In figure 2. Scale bars - horizontal:

a) 100 ms, b) ¢) 50 ms, vertical: a) b) 2 mV, ¢) 1 mV.






sphincter muscle contration) 1is consistently correlated with
excitation of endoderm although endodermal activity usually follows
initial RMPs (Fig. 24a). Partial crumpling (i.¢. without sphincter
muscle contraction) is not, however, associated with endodermal

»

excitation (Fig. 24b). Note that R2 in Figure 24a and b is attached

to the subumbrellar s\urfa(‘v so that the appearance of ELPs markedly
differs from those recorded from endodermal lamella directly (Fig. 2).
Simultaneous recordings from two radial muscles during a full

crumple shows that althouph excitation of the radial muscles is
generally synchronous, one muscle often twitches first and more
frequently (Fig. 24c). Note that the initial RMP of R! in Fiyure 23¢
again precedes endodermal excitation. '

Dividing a radial muk:;c](- nidwav hetween the m;xrgiyn and apex
allows a deterrination of whethor the apical RMP pathway can mediate
an cxumbrellar stimulated crumple (Fig. 25). Subumbrellar stimulation
activates both halves of the muscle as expected (Fig. 25a). However,
exugbrellar stimulation of a partial crumpling response only excites

»
that portion of the muscle that is connected to the margin (Fig. 25b).
If alternat iyv]y cndodernal excitation is associated with exumbrellar
stinulated radial muscle activity, as during full crumpling, the
apical pathuway initiates RMPs in that portion of the muscle that

is attached to the peduncular base but isolated from the margin

(Fig. 25c).

e) Margiull Activity Ascocticted with Crumpling
fpoutancous nervous activity can be readily recorded from the

outer nerve-ring (ONR) or the inner nerve-ring (ILR) with suction

70



FIGURE 24 Full and partial crumpling ; rent, in & whole aniunal
r~ y A
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preparat ion.

ELY (cpen squarce) and HOP (circle) o+ 1ted by exurrellar
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bhut not during o partial croample b)
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A b

.o SR ~ v
Fgr - rad I gye ]f‘wsw“z&mmbr(vllur rurgace. Scale harsg yhm izontial

rd

a) Y. 100 r: ) 200 ms, vertical: 1 mV.
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FIGURE 25 RMP pathwgys act ive during exumbrellar stimulation of
crumpling.
RMPs (triangles) and ECPs (circles) recorded from radial muscle
which was cut (semi-circle) midway up the radius. Eondodermal
lamellar stimlﬂ;itfon a) ex ites both portiens of ruscle but

exumbrellar stim partial. crumpling b) doos not activate

“the apical portion of muscle and does not excite F(Po., A similar

7
procedmre in a whole animal preparation ¢) results in an excitation
of RMPs and ECPw at both marginal and apical portions of radial
muscle when exumbrellar stinulation results in full crumplihi.
Symbols as in figure 2. Semi-circle marks radial muscle incision.

Scale biars - horizontal: a) 20 ms, b) ¢) 50 ms, vertical: 1 mV.

k4
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clectrodes attached to the base of the velum. Although fine
electrode tips (25-40um) were used it was not possible to discriminate
v

between ONR and INR activity. It was consistently ecasier to record
from the exumbrellar side of the velar base (overlying the OXNR) ,
and this was the region recorded from in attempting to correlate
nelvous events with crurpling.

The usual (wcnt;: recorded spontancously include pretentacle
pulses (PTPs) with ascociated muscle potential, preswim pulses (PSPs)

with associated muscle swim pulses (SPs) and, &inge

11ses (RPs),
of cryptic function (Fig. 26), as desc r (1978).

The Most typical response of the me ‘_full crumpling,
to‘umbrv'ﬁar (Fig.

ubumbreldar stimilation is

the excitation of a esumably epithelial) event and 1 to many

e
W) g
PTPs (associated wét § B¢ lc retraction).  Evidence that the large

of the recording electrode towards the ring canal increases the

event is endodermal &K t¥¥itys is supgested by the fact that movement

magnitude of the response. Additionally, a large marginal rt-c,ponstf
is seen during a crumple which 1*5 sphincter muscle contraction
(Fiy. 28a) but not during a partiak crumple (Fig. 28b). Note that a
series of i:Ps is recordeggin either case and t.hat the occurrence of
endormal ¢~ itation appears at the end of the serivs (Fig. 28a).
M timing - the initiation of PTPs is variable, occurriug, at times
prior to (rig. 27a) or proceeding (Fig. 27b) Qendodcrmal excitation.
No nervous activity specific to crumpling was obtained, perhaps due
to the likelihoed that only a small number of nervous elements
would Qg involved and the probability that these would be masked

[
by the large epitheclial potential.
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FIGURL 6 fpentancous cuter nerve ring (ONR) avtivityv,
Unrelared traces of ¢pontancous activity (presumably ngrvon)
recorded from the exunbrellar Lo of tlhie velns, overly Jrnco o thie onten

S

nerve ringg (ONRY. Preseim pulves (PWa; cpen trdangles) ond ascociated

. “

swite pulacs (STa; betwoen arrowheads¥, pretentacle pulses (VIa; open

N

circles) with acsociat e muscle votential and o ring pulee (W0 0
t 1 5

-

an

civcle) can be ceen. Scale bury - horizontal: § ms, vertical: C.5 vV

o
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FIGURE 27 Marginal activity excited duriny crumpling.

a) Stimulation of erunbrella ox ites an exusbrellar pilee 51’,

squar@¥amgich can activate full crumpling involving excitat ion of
.

a proetentacle pulae (PTP; open circle) and a large mainly epithel ial
everky {Open trianglo) recorded trom the velar base. Crurpling produced

- -~

&J g . - . .
a el diphnsic movement artifact in record 1.

\ .
by SY‘imn]a{ion of endodermal lamella always results in tull crunpl ing
) Y
also invalving large, mainly epithelial events and PTPs when recording
from the inner (R1) or outer (R2) base of the velum. Symbols as

in figure .1’ Seale bars - horizontal:  a) 50 ms; b) 100 ms;

vertical: 0.5 vy,






FIGURYE 2§ Marpinal activity associated with full and part ial ‘
crampling.,
-
Series of RV (Cloaed triangles) rooulting trom exundrellor
- 2
stimulat ton cono fated with A FOP (circle) recorded frome radial
and o largee Coenr (open trian,l. rded troem the velar base onls
Gut i Toll cuapling o). bur ity rooaal o > ) the kM otrain
e again caited bat no endoderme ] activity roed trom o vadial
N >
muscle and n large cvent i recdrded frim the margin. The larye
marginal cruspliong cvent inoa) is probubly mainly endodermal but
may include nervous on sphincter mu ocle act ivity. Svmbols as in
tigure 2. Scale bars - horizontal 100 msi; voerticals 1100 mv,
R 005 mv,
-—

_/
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As there is precedence for direct interactions between epitheltial
and bervons cvents (Mackice and Passano, 1906%; Mackie, 1979), the
effect of coetodermal and endodermal stimnlation on spontaneous ONR

activity was inveotiyated, As previously noted epithelial activity

[ 4

can elicit tentacle retraction.  Thig is associated with an initic
of PTPs which may occur as a train of numerous potentials follodu

epithelial c¢xoivation (Fig. 29a). In addition, there is some ef§
C_]

for an inhibiticon of swimming pulscs (SPs) consequent to crump
(Fig. 29b). This relationship is complicated by the fact that
spontancous train of PTPs often set of f swimminge after which the
PTPs ccase (Fip, 39¢), To mare more detinitive statements about the
precise interielationahips between epithelial excitation during

3

Cruwlim; and nervous activity will require a quantitative analyois

L]
whidh takes into consideration inherent activity cycles.

£ Ctrwction] Acp sre T the Radl ) el Py Tratdon oo
(i Ultrastructural featares of radial muacle ¢ 3
LSS R AR At R, d 2 pESLh il g

.

Radial muscle in Polycrsiis peniollizie occurs as a well—-developed
bundle¢ of smooth nvoepithelium containing thick and thin myofilaments
(Plate 10). The internal surface arca of radial muscle 1s greatly
increased by the presen-e ot mesogleal invaginations which pass alwost
to the subumbrellar surface (Plates laj; 10a). Evidence for
gapmjunctions hasg not been cat,\abl ished although septate juncticns are
numerous at the subumbrellar surface. The most common spec ialized

interccllular contacts between radial myocytes are '"desmosome-lijke"

-
a-

R
junctions, prescent at their basal, myofibril-containing ends \

(Plate 10b, c). These junctipns are characterized by the presence
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FIGURFE 29 The effcect of crumpling on marginal activity.
a) Train of PTPs (open c¢ircles) and marginal events (open

triangles) associated with crumpling Indicated by RMPs (closed
triangles) with stimulation of endodermal lamella. Fach RMP marks

a separate stimulus,

b) Irhibition ¢f » cpontancous cycle of cwimming pulses (SPe;

open squares) recorded from subumbrellar swimming muccle by stimulat{on
of the exumbrellar ectoderm (asterisk). FPs are excited with each

st imulus recorded by Kl.

c) Spontaneous series of PTPs recorded from ONR setting off a burst
of swimming recorded from the subumbrellar surface and ONR. Symbols:
RM - radial muscle, ONR - outer nerve ring; Ex - exumbrellar surface;

Su-~ subumbrellar surface. Scale bars - horizontal: %s; vertical: a)

R1 0.5 mV, B2 0.2 mV, b) 0.1 mV, ¢) 0.2 mV.
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of membrane densification and filaments passing between apposed
cell membranes at various points (Plate 10¢). In addition, radial
myocytes contain microtubules in small aggpregates, parallel to the
myofilaments, at the basal ends of the cells (Plate 10c¢).

Epithelial c¢onnections between basal processes of raéial musclé
and radial canal (Plate 1la, c) are numer0us.througﬂout the length of
the perradius. 1t appears that thése con;gct§6ns inc tude myofibrils
(Plate 11b). Nerves often occur in the mesoglea between radial
miscle and canal often in conjunction with these epithelial bridges
(Plafcs 1la, ¢). Although the exact source of these nerves is
‘unclear, it may be suggested that they connect.the radial nerves and
the peripheral radial canal ;erves (Plate 1b, c¢). Note the presence

;

of nerve distal from the radial nerve bundle in Plate 12a.

-
(ii) ,Radial nerve synapses

. The radial nerve bundles occur ‘at ,the lateral bases of the
radial muscle (Plate la) apposed to both radial muscle and subumbrellar
swimming muscle (Plate 12a). Gap-junctions (Plate 12b) and
asymmetrical synapses (Plate 12c¢, d) are common between radial
neurites. Synapses between radial nerve and apical extensions of
the subumbrellar swimming nyoepithelium occur but are infrequent
(Plate 12a, 13). Thesec neurojmyoepitbviial junctions display pre-
and postsynaptic menbrane densification and presynaptic vesicles
(usually clear-corcd), These vesicles are of various diameters even
within the same janction {see cupecially Plate 13b). The most
numerous &Yniap se (»;rndia] nerve is with radial myoepithelium.

These jnnctions alco show membrane densification and presynaptic
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vesicles which are either clear-cored (Plate l4a, d) or dense-cored

(plate 14b, c, d).

(111) Ultrastructurc of the interrngjgj_jnrg{p\~

Sphincter muscle has many structural fcatures analogous to
radial muscle. They are both smooth myoepithelia with mesogleal

\

Jnfoldings (Plate 10a, 15a) and have numcrous ‘'desmosome-1like"
1nterce11uiar junctions-and scattered small arrays of microtubules
(Plate 10c, 15b). 1In addition, both muscles have a similar histological
relationship with endodermal canal (Plate la, 2a) and epithelial

connect ions between sphincter muscle and ring canal are common as in

t(: radius (Plate 1lla, c¢). Extending the comp;rison further both
sphincter and radial muscle are closely asgociated with nerves, there
being an extensive apposition of sphincter muscle and outer nerve ring
(ONR). As with radial nerve, the ONR has numerous interneuronal
synapses (asymmetrical, Plate 15¢ and symmetrical, Plate 15d) and
neuromyoepithelial junctions with smooth muscle (Plate 16). These
synapses between ONR neurites and sphincter muscle (rlate 16)

appear to be restricted to or at least most common at the “"triradius”

along the face of mesoglea passing to the velum.

(iv) Connections of radial muscle to the margin

Radial sections through the margin at the perradius pass
longitudinally through the radial muscle and radial canal (Plate 17).
~
Notable features of this region of the margin are the great reduction

in height of the sphincter muscle (cf. Plate 17a and Plate 2a) and
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muscular and negvous connection across the, velar mesoglea from the
subumbrellar to :Be exumbrellar side of the margin (Plate 17b, c, d.‘
e, f). At the clectron mié{oscope level, the reduct#on of sphincter
muscle is especially evident (cf. Plate 18 and Plate 15) which
appea;s to be restricted to long narrow processes extending almost
t8 lhe exumbfellar surface. In addition, there ig exumbrellar smooth
muscle along the velay mesogleal fq&g although tﬂe presence of radial
~
mu§c]e bridges between subumbrella and exumbrella (Plate 570, d, e, f;
19) makes it uncertain whether the source of this ;uscle is sphincter
or radial muscle. Distinction between ihese two muscles at the
perradial margin is probably artificial in that there appeérs to be
a physical connecction herwcog them. Attachments between radial
musc]; processes and ring canal,are nlsé common at the perradius
(Plate 17b, d). L
Synapses bet:éen nerve and smooth muscle are very common at the
perradial margin. Synapses between neurites of the inner nerve-ring
{INR) and radial musclé have been located (Plate 20) although they are
not frequent. The more common synapse is between outer nerve-ring
(ONR) neurites and smooth (radial and/or sphincter) muscle (Plate 21).
Note that the exact location of these five synapses is indicated in
Plate 18. As with radial nerve-radial muscle synapscs (Plate 14) thesc
junétions show pre- and postsynaptic densification and presynaptic
vesicles with clear or dense cores. These bNR neuromuscular.junctions
are almost always located along the velar mesogleal face in the

vicinity of which radial muscle bridges from the subumbrella have been

observed (Plates 17, 19).
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: DISCUSSION

I. EPITHELIAL CONDUCTION
The demonstration of excitable epithelia mediating behavioral
patterns in a diverse assemblage of animals is an example of a

.scientific advance which necessitates a ré-evaluation in ideglogy.
Even with the general acceptance that the rapid reception, éfghhution

and integration of information and consequent initiation of a kK
reaction is the property of the nervous system researchers often
speculated that epi?ﬁblia may provide an additional substrate for
the propagation of.aétivity. Kleinenberg (1872) suggested that the

epitheliomuscular cells of Hydra function as independent effectors,

in which apicéI sensory excitation directly activates the basal
muscular processes of the same Celf{ Chun (1897) expanded on ;his
theory b& proposing that there may be a conduction of excitation
between epitheliomuscular cells and even between the simple
epithelial cells of the siphonophore exumbrella where no muscular
procesces are found. Wintrebert (19U4) speculated that the skin of
frog tadpoles had an "irritabilité'" which provided the tadpoles
with an ability to respond to external stimuli. 1Imn his monograph
on thé primitive nervous system, Parker (1919) suggested that
"neuroid co;duction" may exist within the tissues of sponges and
between ciliated epithelial cells. These reports were largely
1gé;red at tha time due to a scarcity of experimental evidence and
the concentration of neurobiologists' efforts to resolve the

structural and funetional basis of nervous conduétion. Since the

work of DuBois-Reymond (1848) it was acknowledged that nervous

88
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activity involves the flow of electric current. With this understanding,
two theorics were advanced to explain the anatomical basis of nervous
conduction. One group believed in the '"reticularism'" of the nervous
system; that there exisss a complcte protoplasmic continuity
throughout the system. AOther‘piologisés insist;d that the nervous
system must be composed of discrete units, neurons, requiring that some
form of transfer between cells must exist for nervous propagation.

This latter '"neuron doctrine" even;ually became established in the
early 1900's largely due to the innovative work of Ramon y Cajal
(reviewed by Cajal, 195&), whé perfected techniques to visualize
individual heurons, and to "Sir (harles Sherrington (1906), who

originated the term "synaﬁse' in his lucid speculations that "transmission

between neural elements dlffé?s from the conduction of activity along
a neuron and that this transmission can be excitatory or inhibitory.
It was generally considered that nervous conduction must involve a
direct electrical transfer between neurons to meet the established
speed of conduction. However, chemical transmission by nerves was
suggested by Elliot (1904) and loewi (1921), demonstrated by Dale,
Feldberg and Vogt (1936) and finally confirmed to exist at the
neuromuscular junction (Fatt and Katz, 1952) and between motoneurons
(Brock et al., 1952). There now exists a wealth of eyidence that
chemical transmission between nerves and between nefvl‘and effector
occurs in many animals, and that the site of this transmission is
the synapse (reviewed by Elfvin, 1976). The first evidence that

the mechanism of excitation spread is not entirely standardized

came with the demonstration of electrical transmission between
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a neuron of the abdominal nerve cord and a motoneuron.}& the
crayfisﬁ (Furshpan and Rotter, 1959). This proved to be an impetus
which*resulted in the demonstration of flectrical connections between
nerves in a vafiety of invertebrate  and vertebrates systems (reviewed
»
by Bennett, 1972, 1974; Sotelo, 1971). The proof that the conduction
. .
of excitation is not restricted to the nervous system came when
Mackie (1965) presented thorough histological evfden;e for the
‘absence of nerves and contractile elements from an impulse propagating
epithelium in a_éiphonophore. Since this report intracellular
recordings have verified the excitability of mammalian pancreatic
islet B~cells. (Dean and Matthews, 1968; Matthews and Sakamoto, 1975),
the skin of the amphibian tadpole (Roberts, 1969; Roberts and
Stirling, 1971), mammalian adrenocortical cells (Matthews and
Saffran, 1973), the skin of an ascidian tadpole (Mackie and Bone, ’
1976), endoderm (Mackie, 1976b; Spencer, 1978) and ectoderm
(Josephson and Schwab, in preparation) of hydrozoans, gastropod
salivary gland cells (Kater et al., 1978b) and photocytes within the
elytra of a polychaete (Herrera, 1979). 1In order to propagate
excitation, epithelial conduétion requires that the electrical
current associated with the action potentiai in one cell be passively
spread, without severe attenuation, to adjacent cells. We thus
have systems which invoke the original explanation for the conduction
of excitation. With the undersgénding that numerous excitable
epithelia exist it can no longer be assumed that nérvous conduction

fulfills the only means of rapid communication in any system.



a) Physioldgy of Epithelial Conduction

The physiological analygis of epithelial conduction has shown
that there is a cdnverg‘nce of function despite th; diversity of
sygteyp involved. Three basic functions of excitable epithelia

have been elucidated.

hiﬁ%o the demqétration that siphophores have excitable .
- \ '.‘ .
ep ithelia (Mackie, 1903), Mackie (1964) suggested that the reverse

swimming response of the physonectid siphonophore Nanomt

activated by conduction of excitability from the exumbrellar «
ectoderm. Siphonophores are Co}onial anc polymorphic h;drozoans
with medusoid and polypoid individuals. Reverse swimming involves
the concerted contraccion of the circular (swimhing) rmusc les of all
medusoid individuals (nectophores) and siwultaneous contraction of
the ”fihe;s of Claus', which are radial fibers attached to both
sides of the velum: The contraction of these latter fibers orients
the bell opening of the nectophores up so that the water jet leaving
the bell forces the colony dgwn. This response is initiated by
stimulation of the upper nec tophores. Although there has been no
verification of excitability of the ectoderm in Nanorria, this
can be inferred from the studies of closely related siphonophores
(Mackie, 1965).

Epithelial conduction in the calycophoran siphophore,
Hippopodius has been more thoroughly examined (Mackie, 1965, 1976b;

Mackie and Mackie, 1967; Bassot et al., 1978). The most obvious

response to stimulation of the excitable exumbrella of a nectophore

v
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is the involution of the margin due to the contraction of radial
muscle of the velum (ectoudermal) and lf the psceudovelum (endodermal).
It has been proposed that this rc;yons; serves to protect the
marginal nerves (Mackie and Mackie, 1967). Some other effector
responses are assoclated with epithelial activity In Hippopodius

and will be discussed in the next sevtions.

Many solitary hydrozoan medusae displny;n;analhxohs behavior
to the involution of Hipjopodius known as crumpling. Crumpling and
its association wiih epithelial conduction has been reported in :hc
anthonedusae, Jirsia, Fuphaia (Mackie and Passano, 1968), Srororosg
(Mackie and fingla, 1975; Mackie, 1975) and fo/.orchis (Spencer
1978), in the leptomedusan /L7700 wr (Mackie and Passano, 1968)
and in the limnomedusan }Vvlwﬁ#f&zur:'u (Spencer, 1975).

The firct cpithelial system associatea with an escape response
amcnable to intracellular recording techniques was the skié of the
tadpoles of the amphibians e pus (Roberts, 19(69; Roberts and
Stirling, 1971), /2¢f and kp.: (Roberts, 1971). Behaviorael and
cutting experiments (Roberts, 1971) have shown that skin‘impulses
when excited by tactile or electrical stimulation can activate
swimmning prcovided that some epithelial cells are comnnected to the
sensory system (via the Rohon-Beard cells).. This excitability
provides the tadpoles with a precocious ability to respond to
external stimali before a complete sensory innervation cf the skin
develops.

There have also been recent reports ol excitable skin in all

three classes of the Urochordata. Bone and Mackie (1975) showed
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with extracellular recordings that the outer epithelial surface of
*the tafl and trunk of the larvacean Ofkopleura 18 excleable. -
Excftat fon of the HLI" results in a stimslation or an acceleration
of the swimring rhythm presumably through the conduction ;f impulses

to the caudal¢mngllon via the sensory Langerhans nerves.

Intracellular recurdings'have confirmed the skin excitability of

the Yarva of the ascidian Dendredor (Mackie and Bone, 1976). The

skin impulses in this tunicate, contrary to that in Otk leura,

inhib{t unilateral and symmetrical flexions of the tatl. The
significance of this behavior to the tadpole is unclear unless these
animals are negat ively buoyant and constantly active, in which case

an inhibitjicn of swimi:ing may be the only means of avoiding an

obstacle or apggressor. Finally, the ectoderm of the test, the ventral
and lateval regions of pharyngea{ endoderm and the c¢pithelfum betwecen

the peripharyngcal bands and inhalent siﬁhon are excitable in the blasto-

.

zooids of scveral Col;nﬂal thaliaccans (Mackie and Bone, 1977). The
function of cpithelial conduction in these tunicates is complicated by

the fact that all changes in locomot! ion (acceleration, inhibition and

reversal) are apparently associated with the spread of skin impulscs.

(41)  Activation of glandular secretion

The first demonstration of an excitation of action potentials in
a glandular epithelium involved the mammalian 8 pancreatic-islet cells
(Dean and Matthews, 1968; Matthews and Sakamoto, 1975). The results
from a number of studies have shown that this is a prime model for

analysis of the mechanisms underlying excitation-secret{on coupling

(reviewed by Matthews, 1977). Action potentials in the pancreat ic cells
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can be induced by high glucose concentrations, with the frequency
of spike discharge being direftly proportional to glucose concentration,
or by depolarizing current injection (Matthews and Sakamoto, 1975).
The ionic basis of tpi. action fotential appears to be'fh’+ influx as
demonstrated by the fnability of high glucose levels or current
1nje;tion to excite pancreatic cells in a Ca-free medium (Matthcws
and Sakamoto, 1975). 1In addition, the‘effectlvenel. of glucose
analogues in exciting the cells is dependent on the ability of the
‘pancreatic cells to metabolize them (Dean et al., 1975). Thus it is
apparent that the glucose-dependent electrogenesis of 8 pancreatic-
islet cells provides a mechanism for stimulating the release of
insulin through the gated influx of Ca++ and subsequent binding of
insul in-containing granules to the plasmi membrane leading to their
exocytosis. Although the propagation of act ion pbtentials be tween
pancreat ic islet cells has not been investigated (Matthews, personal
communication), there 18 evidence that the pancreatic ce¢lls are
electrically coupled (Meissner, 1976). Consequenf)y, it 1is
possible that the excitability of this epithelium serves to conduct
the secretory stimulus between cells as well as to induce the
secretion of individual cells.

It has also been reported that mammalian adrenocortical cells,
when bathed in a K+—free medium, exhibit regenerative action
potentials when exposed to adrenocorticotrophic hormone (ACTH)
(Matthews and Saffran, 1973). This excitability may be indicative
of the stirulation of steroid production in the presence of ACTH but

+
the requirement for unnaturally low K levels makes the significance

of this response to the intact animal unclear.



Another function of epithelial condu;tion in the siphonophore
Hipropodius was providod with the demonstration of secretion by
the endodermal rete mirab;lu corrclated with excitability (Mackie,
1976b). This was also the first verification of epithelial
excitability and electrical coupling i{n coelenterates through the
use of intracellhlar electrodes. As it is known that exumbrellar
simulation excites the subumbrellar endoderm (Bassot ¢t al., 1978)
it i{s conceivable that this secretion ’n a defegac mechanism although
determination of the secretory product and behavioral studies would
be required to establish this, .

Finally, evidence has been provided for the excitability of the
salivary glands of several gastropods (Kater et u;., 1978b). The
gland cells are connected by low-resistance pathways which allow for

-
propagation of a regenerative, non-decrementing actidn potential.
Thére 1s evidence that this excitability is correlated with secreiicn
(Kater, pcrsonal communication). Of particular significance is the
innervation of the salivary glands by {dentified buccal gangljon

neurons which integrates the excitation of the salivary glands with

the feeding cycle (Kater ¢: 2!., 1978a).

(i11) Activation of bioluminescence and blanching

.The first report of epithelial conduction (Mackie, 1965)
ment ioned that impulse propagation is associated with luminescent
flashes and reversible '"blanching" of the nectophores of Hirpopod:is
in addition to the involution of the margin (discussed previously).
"Blanching" refers to the gradual development of opacity of the

nprmally transparent bell due to the production of mesogleal granules

95
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and requires an (ntact epl\hv??!l covering for conduction of the
reaponse and for deblanching (Ma. kh-. and Mackio, 1967). The full
develupm:nt ot the response tequiren up to 10a and shows no
f.cllltatlnn, with the first shock being mout effective and each
subsequent shock producing less of a tesponse (Bansot ot !,

1978). Bilolumine cence, when excited by a single stimulus occurs
’

as a single flash (49-400ms) or series of tlasher and repetitive
stimulatfon causes a facilitatlon {n intensity of the
bioluminescent response (Bassot ¢! al., 1978). The site of
Juminescent emicsior in Hiry v /(g appears to be the exumbrellar
cctoderm (Bassot ot /., 1978). Hi;; ;odiws then has four distinet
responses (Invelution vndndvrt'naI secretjon, blunching and lurinescence’
associated with cpithelial conduction. Although not proven it
Is arsumed that thev serve a comn protective tunction, excited »
by an agitation of the exumbrella of any nectophore., -
A recent study, using the dorsal rpithelium of the elytra
(scales) of the polynoid pnlw‘hae:v Hesperonde (Herrera, 1979),
has provided the first conclusive evidence for the excitat{ion-
luminescence coupling of an epithelium with intracellular recording
techniques..“ Tonic studies of the scale photocvted have demonstrated
the conduction ot .\'a+—dcp('ndent spikes between plintocytesgand a
direct correlation between excitation of a (“aH—dcpendvnt spike
and a luminescent flash (Herrera, 1979). This studyv has also shown
a synaptic interaction between segmental nerves and the photocytes

which elicits a Ca spike in the photocytes and luminescent emission.

Mechanical stimulation of the dorsal epithelium of the worm excites
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bioluminescence either through an epithelial pathway or through the

stimulation of sensory nerves and subsequent segmental nerve activity.

b) Structwral Bastis of Fyithelial Conduction

(1) Gap-junctions

From the physiological evidence that igtercellular ionic
¢oupling occurs in epithelia (Loewenstein and Kanno, 1964;
Lowenstein et al., 1965; ;2nn, 1966; Loewenstein and Penn, 1967;
Jémakosmanovic and Loewenstein, 1968; Popowich and Caveney, 1976;
Meissner, 1976; Mackie, 1976b; Kater ¢t «l., 1978b) it has been
assumed that éoupiing is a general characteristic of epithelia.
Note that only the latter three studies have involved excitable
epithclia where the function of the coupling is obvious. In
inexcitable epithelia the dq‘nuﬁrdtion of c¢lectrical coupling is
assumed to be significant only in demonstrating the presence of
low-resistance, ionic pathways between cells. Tt has been assumed
that this intercellular connection provides a means for the transport
of motabolités between inexcitable epithelial cells and between
embryonic cells (reviewed by Sheridan, 1974; Staehelin, 1974;
Gilula, 1977). Evidence for this is, however, Circumstantiél since
it 1s based on studies of tissues in culture (reviewed by Sheridan,
1976; Pitts, 1977). The precise morphological subtstrate of electrical
coupling in invertebrate epithelia is in doubt due to the frequent
coexistence of septate and gap-junctions (Hagopian, 1970; Flower,
1971; Gilula and Satir, 1971; Hudspeth and Revel, 1971; Noirot and
Noirot-Timothée, 1971; Rose, 1971; Hand and Gobel, 1972; Johnson et al.

1973). Nevertheless, it can be inferred that gap-junctions are the
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sites of coupling in these tissues considering the results of studies
on analogous systems. A direct correlation has been estaslishcd
between electrical uncoupling and fine structural disarrangement of
gap-junctions in vertebrate cardiac muscle (Barr et al., 1965),
crayfish lateral giant axon (Asada and Bennett, 1971; Pappas ¢t al.,
1971; Peracchia and Dulhunty, 1976) and mammalian stomach and liver
(Pbracchia, 1977). Coupled systems have also been described in
which gap-junctions are the only intercellular contact found
(Dreifuss et al., 1966; Gilula ¢t al., 1972; Pinto da Silva and
Gilula, 1972; Rash and Fambrough, 1973; Azarunia ¢t «l., 1974;
Oliveira-Castro et al., 1975).

It has been assumed that epithelial conduction is mediated
through gap-junctions based on the reported presence of close
membrane appositions in conventionally fixed and stained material
(Roberts and Sirling, 1971; Joseph ¢t al., 1973; Bone and Mackie,
1975; Mackie and Singla, 1975; Mackie, 1976b;Mackie and Bone, 1976,
1977; Bassot et a/., 1978). 1In Hydra there is good evidence for
epithelial gap-junctions (Hand and Gobel, 1972; Wood, 1977) and
indirect evidence for epithelial conduction (Campbell et al., 1976).
This latter evidence is based on studies of nerve--free (colchicine-
treated) Yydra in which no spontaneous activity can be recorded
,although strong mechanical stimulation produces contraefTEE/QZISQS
resulting in column shortening. There is a report of intracellularly
recorded epithelial potentials in Hydra (Kass-Simon and Diesl, 1977)
bit no firm evidence for epithelial excitability is presented. This

study involved recordings from dissociated epithelial cells and the
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very low and variable values given for resting potentials (+3 to
+25mV for endoderm; -2 to -25mV for ectoderm) suggests an unheal thy
condition of the cells or an incomplete peretration. In addition,
the potentials reported are largely membrane oscillations or
"junctional-like" potentials and it is stated that this activity
may be the result of attached nerves and not endogenous to the
epithelial cells. The only previous studiecs, that T am ;ware of,
which clearly correlate the presence of specialized junctions with
excitability in a epithelium are those of Orci, Unger and Renold
(1973) and Matthews and Sakamoto (1975).

In sectioned material, the gap-junctions of Polyorchis
correspond in detail with those reported in a variety of invertebrate
and vertebrate tissues (reviewed by McNutt and Weinstein, 1973;
Staehelin, 1974; Gilula, 1977), with the possible exception of the
larger intercellular gap (4-5nm). This is considerably greater than
the 2-3nm gap of vertcbrate tissue (Brightman and Reese, 1969;
Goodenough and Revel, 1970; McNutt and Weinséein, 1970), more
closely resembling the 3-4nm gap generally found in arthropod tissues
(Hudspeth and Revel, 1971; Pappas ¢t al., 1971; Rose, 1971).

That the globule-bearing plaques represent en face views of
gap-junctions is directly verified by the comparable widths and
periodicities of these globules and the electron-lucent bands seen
in transversely sectioned gap-junctions. In addition, the central
electron-opaque line within some of the lucent globules of transversely
sectioned gap-junctions probably corresponds to the central opaque

dot of cn fuce globules. The apparent entrance of lanthanum into
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the globules is enigmatiec in that 1t suggests an jncomplete insulation
of the intercellular bridno.. This does, however, give physical
evidence for the existence of a channel which could fulfill ionic
coupling. /

The frecze-fracture replica particle aggregates of Folyer s
show a closce correspondence with the ¢n foce lanthanum filled
gap-junctions. This technique demonst;htvs the adhesion of
gap—junction membrane particles to the outer, exoplasmic face (FF)
as described in arthropods (Flower, 1972; Satir and Gilula, 1973,
Johnson et al., 1973; ballai, 1975), in /dra (FiiﬁAiO and Flower,
1977; rlower, 1977; VWood, 1977), in a platyhelmintg (Flower, 1677)
and in annelids (Flower, 1977; ‘Larsen, 1977). This is the opposite
polarity of vertcebrate (Coodencugh and Revel, 19705 lLarsen, 1977}
and molluscan (tlowver, 1971; Gilula and Snt%r, 1971) gap-junctious
were the particles adhere to the innor,protuplasﬁir face (PF). 1t
is not known whether this differlnco in fracturing Charackeristics
is an intrinsic property of the different gap-junctions or is a
property of the general plasma membrane.

1t has been firmly established that the globules within
gap-junctions arc typically closely packed and hexaponally arranged
with periodicities between 8-1Cnm, in vertebrate (Revel and Karnovsky,
1967; Brightman and Reese, 1969; Goodenough and Revel, 13{0;

McNutt and Weinstein, 1970, Zampighi and Robertson, 1973; Albertini
and Anderson, 1974; Keeter ¢t a/l., 1975; taspar ¢t al., 1977) and

invertehrate (Pappas ¢ «l., 1971; Lorber and Rayns, 19725 Hand

and Gobel, 1972) tissues. Alternatively, some studies have reported
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more variable globule arrangements with pertodicities as high as
20nm in invertebrate tissues, (Hudspeth and Revel, 1971; Johnson et al.;
1973; Peracchia, 1973). Tnhis ambiguity has been resolved by ahalysis
of gap-junctions before and after uncoupling treatments in crayfish
nerve (Peracchia and Dulhunty, 1976) and in mammalian stomach and
liver (Peracchia, 1977). These studies have clearly shown that
loosely and irregularly packed globules (with a periodiclty of 20nm
for the nerve and 9.5-13.5nm for stomach and liver) of cdupled
tissue become tightly and hexagonally arranged (with a periodicity
of 15pm for the netve and 8.5nm for stomach and liver) when uncoupled.
Furthermore, the gap of transversely sectioned material is reduced
from 4-5nm to 2-3nm by uncoupling proceedures in the crayfish
lateral ‘nerve (Peracchia and Dulhunty; 1976). Although analysis
of gap-junctions befote and after uncoupling has not been performed
1n'[b7y0r0h{s, it can be speculated that the larger intercellular gap
(4-5nm) and non-hexagonal arrangement of globules is indicative of a
functiénal Conaition of the gap-junctions at the time of fixation.

Within the endodermal canals of Polyorchis the gap-junctions are -
concentrated at the basal end of the endodermal cells (C#Z 35-40um
distant from the septate junctions). This localization is unlike
that of many invertebrate cpithelia where there is a close association
of gap and septate junctions (Flower, 1971; Gilula and Satir, 1971;
Hudspoth and Revel, 1971). The peripheral location of gap-junctions
vin'f:jZOPCHis may be important in removal of the site of ionic

coupling from the external saline within the canal lumen.
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(11) beptate junctions

Since the initigX description by Wood (1959) in Hydra, septate

/'\

junctions have b n reported in a variety of invertebrate phyla

(reviewed by aehelin, 1974). 1In transverse section the septate
junctions of Polyorchis and other invertebrates are comparable.
However, in tangential section the smoogh, parallel contour of the
septa in Polyorchis indicates that these junctions are of the
"Hydra t&pe" (Danilova et al., 1969; Staehelin, 1974). This type
of septate junction 1:; apparently restricted to the Cnidaria since
it has only been reported in Hydra (Hand and Gobel, 1972; Filshie
and Flower, 1977), Pelmatohydra (Danilova et al., 1969) and
Phialidiwn (Leik and Kelly, 1970). 1In many other phyla, including
the Platyhelminthes (Storch and Weash, 1977), Annelida (Baskin, 1976) s
Arthropoda (Locke,.1965; Danilova et al., 1969; Rose, 1971;
Noirot-Titothée and Noirot, 1973) and Mollusca (Gilula et al.,
1970; Flower, 1971), a second type of septate junction (pleated
sheet or honeycomb) has been reported. ‘

Two functions have generally been attributed to septate junctions.
Firstly, they undoubtedly serve as an adhesion point between cells.
As evidence for this function Bibb and Campbell (1973) have shown
that epidermal healing in Hydra beginsg with the formation of septate
junctions between apposed cells. Secondly, evidence has been presented
to suggest that septate junctions acg as pericellular permeability
barriers. Loewenstein and Kanno (1964) and Josephson and Macklin

(1969) showed electrophysiclogically the presence of a high resistance

barrier between the exterior and lumen of the ihsqct salivary gland

Y
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and between the exterior and gastrovascular cavity of Hydra,
respectively. Septate junctions occur at the lumen of the salivary
gland (Wiener et al., 1964) and at the ectode;mai surface and
endodermal lumen of Hydra (Wood, 1959; Hand and Gobel, l?fZ) and
this at least suggest»tgeir involvement in establishing ;\transVerse
permeability barriér: In addition, Szollosi and Marcaillou (1977)

~
have correlated the existence of septate junctions in the basal

compartment of the locust testicular follicle with the absence of
lanthanum and peroxidase penet;ation into this layer. Furthermore
they demonstrated that the apical compartment is freely permeable

to these tracers and contains no sep;ate junctions. rPerhaps the most
direct evidenée for considering these junctions to be pefmeability
barrie?s comes from the study of Lord and DiBona (1976) in which {4t
was clearly demonstrated that the septate junctions of planaria

are funcgionally analogous.to vertebrate tight Jjunctions. It has
been shdwn that the usual resistance to water and ionic movement

from the mucosal (outer) surface to the serosal (inner) surface in
amphibian epithelia by tight junctions is decreased upon a reversal
of the osmotic gradient so that inwayd‘movement of water is favored
(Urakabe et al., 1970; DiBona, 1972). This osmotically induced
conductance is provided by the formation of fluid filled "blisters"

" at the tight junctions (DiBona and Civan, 197 }!; Wade and Karnovsky,
1974), Exposure of planaria to hypertonic solutions produced a similar
blistering of the intercellular space of the septate junctions

(Lord and DiBena, 1976).

In Pblyofchiu, septate junctions are limited to the lumenal

border in the endodermal canals and to the exumbrellar and
@
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subumbrellar surfaces in ectoderm. These junctions extend only
short distances (ca. 3-4um) yet encompass numerous cellular
interdigitations as described in other hydrozoans (Overton, 1963;
leik and Kelly, 1970; Hand and Govel, 1972; Wood, 1977). Freeze 3

fracture replicas demonstrate that although the septate junctions

only ecxtend short distances, the rows of septa can occupy comrsiderable

lateral depfhs and are often convoluted. The presence of inter-’

digitations and the arrangemcnt of septa in the plane of the cell N
surface probably increase the diffusional resistance betwecen thel
gpdodermal lumen or between the ectodermal surface and the mesogleal
face of the tissue by imposing additional complexity to the
extracellular space.

Although the endodermal septate junctions of Folymrchis are
minimally impregnated with lanthanum, they provide little restriction
to penetration by the tracer as damonstrated by the thorough
saturation of gap-junctions. Because the endodermal canals are
surrounded by mesoglea, ianthanum can only reach gap-junctions via
the canal luwen and septate junctions. It is possible that this
frce permeability is a consequence of fixation. This is supported
by the fact that other workers have reported an absence of
(Szollosi and Marcaillou, 1977) or a minimal (Hand and Gobel , 1972
Filshie and Flower, 1977) penetration through septate junctions
when lanthanum is added to living tissue.

In constrast to the endodermal canals, the insulating ability
of septate junctions in the endodermal lamella is likely to be of

lesser importance since this tissue is presumbaly isolated from the



surrounding scawater by the mesoglea. 1 suggest that septate
junctions in the endodermal lamella function mainly to maintain
tissue integrity during displacement of the lamella as occurs with the

contraction of the swimming, radial and sphincter muscles,

(111) f_l;(’yOp‘cQ_ syne r‘g‘\'igj _gap and scptate jrmctions in est abl i's;ll ing
epithelial excitobility
For a tissue to be excitable there must be some means of
relaying the regenerative action potential of one cell to udjacvnt'
cells withoot attenuation. Nerves are compuosced of neurons with
long axonal processes which are specialized ta conduct impulsces,
)

often over long distances, through a passive ionic current spread
which regenerates an action potential before at tenuat ing . At the
ncuronal terminal of most nerves the impulse elicits release of
a chemical transmitter, by fusion of synapt i vesicles with the

AY
plasma mewbrane, which combines with receptors to excite U0 ¢
postsynaptic nerve or effector. 1n an epithelium, whg(h shaws
nonpolarized transmissien, the passive current flow associated with
the action potential of one cell must produce excitation of
surrounding cells. To effect this transfer of excitation the core
conducting properties of an epithelial cell must not be severely
reduced at the intercellular gap. Thus it is clear that there must
be low-resistance .ionic connections between cells. Because the
current flowing into an unexcited cell must pass through the plasma
membrane to the external conducting medium in order to depolarize
the cell to impulse threshold, there must be a considorabic

resistance between the cytoplasm and the conducting medium to
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Hmit shunting of the current., It t:, theretfore, suppested that

the pap-junctions provide the chamiels tor an fnsulated current flow
between cells and that the ceptate junctions increasce the resistance
between the current pathway and the external saline medium, It s
the combined presence of these two nembriine specializations which
provide the epithelium with cable characteristics safticrent to

conduct an action potentaal,

11. THE CONTROL OF ORUMPLING BEHAVIOR

a) Historiood Tevepo ot oe

The first thorouph desceription of crumpling Lehavie® NES

by Komancs (1K76) in observations of cortain anepecitied "diaoophorous

" [}

species" of hyvdiomedusac.  He refered to this belavier as a Mspasm'
describin,s it asan "abnornally strong contraction ot the awimmning-

muscles” and cupvested thiat It serves to protect the animal or possibly

to induce sinking as a result of the decreased mxx‘fan.t- area of
the jellvfish., Romancs (1R76) further observed that the "spasmot ic'
responses of these hydronedusae continue in the absence of the
mat pinal nerve centers, and thus gave a first suggest ion that
epithelial conduction ogeurs in hydromednasae (although he assumed
thiec was a direct stimulation of the effector muscie) and is
involved with crumpling. It is interesting that in studies of

-
Saralia Romanes concluded that this jellyfish does not cruumple but
in common with scyphomedusae responds with an accelerated swinming
if irritated. It is ircenic that Sra!: was the animal Mackic and

Passano (1968) used in dewmonstrating the invelvement of epithelial

conduction in the contro! of crumpling behavior.
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In a tubscquent study Romanes (1877) described crumpling in
two leptomedusar T™aropals and Stanwrophora, as a "sudden and most
violent contract fon of the entire muscle sheet, the etfect of which
fs to draw topgether all the pelatinous walls of the nectecalyx in a
far more powerful manner than occurs during ordinary swimming. .. the
whole bell thus acsuming the form of an almost perfect square.”  In
testing the sensitivity of different regions fn eliciting a “spasm”
1t was noted that whereas only stimulation of the margin, tentac les,
radial canals or manubrium of Stopaophorg produce the response,
stimulation of any part of T ur pads invariably glves a strong spasm.
Further studies of Soreia showed that mechanical stimulation of the
subumbrellar surface produces a retract ion of the manubrium even in
the absence of  the margin., Furthermore, he found that wherceas weak
stimulation of a tentacle of Sqrsfa causern only that tentacle to
f(-lr‘lx'l , stronger stimulation of the same tentacle causes all

-

tentacles and the manubrium to retract and still stronger stinulation

"one or more locomotor contractions'.

causes the bell to respond w:th
Since it is known that tentacular and manubrial retraction is
assuociated with crumpling and that the radial muscle response of
Servel¢is Minconspicuous except in the more responsive specimens”
(Mackie and Passano, 1968), the above obrervations by Romanes (1877)
may have been of a crumpling response. At the leuast there was
preliminary evidence for the presence of excitable endoderm in
Sarsta.,

No subsequent description of this protective response appedars to

have been made until Hyman (1940) in behavioral observations of
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scveral hydromedusae (the anthomadusae, Stomotoca and Sarafa and the
leptomedusae, Nolistoaan and FEO 000 m) . Lt was noted that a "tap
or blow" on the exumbrellar :mrfm‘u resulta fn an escape response

fn which "the antmal ceasas pulsations, folds in the bell to the
smillest possible compass and sinks”. Differences {n the sensitivity
of the margin fn actlvating crumpling between the medusac was also
observed; Kulloriiorr was very svnsitivv.‘l’h[.:[{..’:'um and Saend
moderately censitive and St omotoosa was insesitiwg to anything but
Btrong mirginal stimulation. In faraia and Stormotoea, which have
long munubria, stimulation of the manubrium was mach more effect {ve
in eliciting crumpling than the margin.

Passano (19695) produced the first recordings of ac®tvity

\ .
associated with crumpling in (Jzd ow i These recordings were from
the marpin probably representing epithelial potentials, although
the source of excitation was not mentioned., No (‘IP:’!r
differentiation between the effectors for swimming and crumpling was
made although an {nhibition of swimming during crumpling, without
affecting the marginal swimming pacemaker, is reported.

Mackie, Passano and Pavans de Ceccatty (1967) were the first to
report the cxact effectors of the crumpling behavior 1n Jaureig. This
behavior was described as a simultaneous series of retractions of the
tentacles, contraction of the marginal sphinctox" muscle and the four
radial muscles and retraction of the manubrium. Using suction
electrodes they showed that stimulation of the exumbrella produces
impulses which are conducted throughout the exumbrella, subunmbrella,

tentacles, and manubrium during a crumpling response. It was -
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proposed that conduction fn the subumbrella and tentaclen was
through the endoderm and that transfer between the exumbrellar
ectoderm and endoderm was via transmeaogleal bridges at the margin.

An extension of this study was made by Mackie and Passano (1968)

in which electrophysiological evidence was provided for the
excitability of exumbrellar ectoderm and endoderm and their involvement
in initiating crumpling in Sarsia, Fuphysa and Phialidi.m. 1t was
clearly shown that the endodermal lamella conducts independently o;
the overlying swimming muscle and that excitation of exumbrella or
subumbrella can conduct events to the opposite surface of the bell.
Based on the observation of endodermal excitation assdciated with
&wlar stimulated crumpling it was proposed that excltat\i/j
of the r;dial muscle is through epithelial bridges hetwd$;~?;dial
canal and muscle. Mackie and Passano (1968) also demonstrated that
epithelial excitat jon normally elicits marginal activity in the
form of pretentacle pulse (PTPs). 1In thelr description of ¢rumpling
the variability of the response was apparcnt.  They indidat that
exumbrellar excitation does not always produce a Tesponse that
sphincter muscle contraction occurs only dyring "full crumpling
behavior" which is also associated with marginal (nervous) activity,
—

Additionally, it was noted that there were often local responses of

the manubrium and radial muscles without concurrent epithelial activity,

In an electrophysiological investigation of the anthomedusan
.
Spirocodon Ohtsu and Yoshida (1973) showed that the exumbrella;
ectoderm and the endodermal lamella are excitable but made no

ment fon of the response associated with this conduction.
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In a conparat fve analyats of the hydrotd and uu'q\uhd of the
Yimnomedusan 7ol ool ity 1t was obcerved that stimulat fon ot the
colontal puttac e can tonduce crumpling of wttached medonae (Spencer,
1974) . The exact type of response obtatned s dependent on the
nature of the histological continuity between hydrotd and wmcdusa,
Meduosae with endodermal and ectodermal connectfons will etther
crtumple or rwim, medusae with only cctodermgl connectfona always
crumple, and attached medusae with only mesorleal connect ions show
no response with c(?bninl cxcftatifon., In unattacl.ed medusae

stimilat ion ot y‘/ part of the ectoderm results in the propayation
/

of "crumpliny_le:n-n" (CrPs) (Spencer, 1975),  He noted that larger

diamcter stimnlating electrodes gand greater stinulus Intensity s
reqgquired to jedece crumpling compared with marpginal stimulation which
readily elicits crumpling. In o) 7ol crbe confliot from the
exunmbrella to the subumbrella cn o one to one bha fs and o ite

radial nmuscle in g stepwise manner.  Since fororoce Lot T hae

~ :
endodermal tatial muscles it may be difficult to apply sove of
2
these results to the control of crurpling in®anthomedusae and

lept omedusar which have ectodermal radial musc les.

The corbined ultrastructunral Clackic ard Singla, 1975%) and

~ ’ +

electrophysicological (Myckie, 19795 wtudv of the anthomedusan

Stoomoto o has provided a pood deal of in.turmlt ion on the control of
crumpling and neuroc-epithelial interactions. The crumpling bohavi()r(
fn this jellvfich is subctantially different from .“:rs7: in that

it fnvolves a simple and predictable stepped response of the radial

-
muscles and retraction of the tentacles, manubrium and peduncular
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wall. The cruppling effectors differ from those of other studied
anthomedusae in thaF Jtooroer has no sphincter muscle and has
smooth radial muscle fibers in the wall of the peduncle, Iipiiho]ial
pulses (EPs) conduct on a one-to-one basis from the exumbrella to
the st»xbur&iﬁgﬂa without apparent involvement of nerves and cach
FP of a serics elicits a step in the radial muscle response. However,
ultrastructural evidence is provided for the presence of svipapscs between
nerves of the ectodermal peMmucular plexus and the radial peduncular ruoecle
and it is mentioned that frequent synapses occur beotween the
radial nerves and radial muscle.  The synapses between radial nerve
and musclce conld be related to the nervous contirel of the mascle
during pointing, in which only one ¢f the four muscles contract.

As contraction of the poeduncular muscle appears to occur only during
Cl‘lﬂfl}l‘li‘ﬂ”"S}'Ii;ﬁ})S(’Fa'_»UZII(‘ the peduncular muscle cupcest come involverent
of nerves in the control of crumpling. Eviden ¢ is provided for the
inhibition of neilvous activity controelling the owinming and crvpt ic
ring svatbn s by epithelial exciration,

A recent study of the excitation pathiwavs mediating involutien

-

behavior of the siphonophore co e (Bassot ot 0L, 1978)

should be considered due to the similarity of the response to

.
crumpling. Involutic: of the nectophores (medusoid individuals)
involves an inward curling of the margin due to contracticr of the
radial ectodermal muscle of the velum and the radial endeodermal muscle
of the psuedovelum (the proximal region of the caburbrellad.  Poth

the exumbrellar ectoderr and subumbrellar endoderm are excitable and

.
stimilation of either of these repions produces fhvolution.
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By cutting through the exumbrellar caotoderm entirely around the margin,
it was shown that stimulation of thig isolated cctoderm or of intact
cctoderm outside of the dncision will elicit involutieon. This
sugeests that therce are two sites eof funetional ectodermal-cendodermal
cornections; one at the margin, as preposed in hvdromedusae, and
another at the apex of the nectophore where the axial canal enters
the subumbrellar cavity from the stem. Conduction between ectoderm

and endodern is polarizcd at the margin, in the exumbrellar to
<

.

subumbre llar directien, but not at the apical end of the bell,

where conduction in either divectien can occur. It is noted

(Bassot « ¢ ., 1978) that althoupgh - —ulation of the epithelial
surface of a single nectoplhore widl o o0 it involution pe-s- ib! ~oh
an entirely epithelial pathwas, conduction of the response
nectophores require; nerveus intervention. Apperentlyy epit p,

i negd ophore excite nervous activity in the sten which 1'1'1

(. (-}

turn is retranslated into epithelial cxoitatica at cother nectophores.

pulsces of

These epithelial-neural and nevral-cpithelial pathuvar: nay require

facilitation,

Figure 30 outlines the probatle anatomical connection: which
incorporate the phvsiolesical and witrastructural resalte of this
study. Note that connedtions dencted by dached lines are these
whiich are cistent with the physiclogy but of which no tim
structural data exists.

One poscible wav of correlating the phosiclopical pathways

exciting ralial muscle wit  known structural cenncections 14 to

consider thiat there is a direct excitation of radial muscle by



FIGURE 30 Wiring diagram of radial muscle excitation pathways.

Diagram of posaible histological connections which support the
,

physiological cvidence for the presence of marginal and apical
radial muscle excitation pathways. Not drawn to scale.
Symbols: ? - yresence of cctodermal nerve plexus in the peduncle
and epithelial conncctions between endederm and peduncular ectoderm
are vnproven,; resistors - eclectrotonic connections; triangles -

chemical synapscesg; colid lincs - estahlished connectilons, dashed

lines - vnestablished connections.
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electrotonic spread from the endoderm. This would incorporate the
previous proposals for activation of radial muscle (Mackie et al.,
1967; Mackie and Passano, 1968; Mackie, 1975; Mackie and Singla, 1975).
However, to mike this hypothesis fit the established marginal and
apical initiation sites of radial muscle potentials (RMPs) would require
that only those connections between radial muscle and radial canal at
the marginal and apical ends of.the muscle afe functional. This
then demands that despite the fact that the cpithelial unions between
radial muscle and canal appear structurally identical throughout the
perradius only the marginal and apical bridges have characteristics
which allow sufficient rurrent flow from endoderm to excite radial
muscle. If indeed this hypothesis were tenable it would be a novel
circumstance in that there is an excitatjon of muscle (albeit
myoepithelial) by an epithelium, counter to the ectabliched dogma
of nerves exciting muscle.

The more consistent hypothesis is that no direct endodermal
excitation of radial muscle occurs, but that activity of the muscle
is initiated through synaptic output of nerves. There are two
possible ways in which nervous activity could exert a control over
radial muscle response during crumpling. Firstly, there may be
an excitation of the muscle through transmission from radial nerves,
which S*pse onto radial myoepithelial cells throughout the
perradius. To explain the marginal and apical RMP pathways there
must be some way of exciting the radial nerves at these two‘regions

of the perradius. Althcugh the anatomical relationship between the

radial nerves and marginal nerves has not been established, the

S
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observation of physical connection and transport of fluorescent
dye between inner norvé ring (INR) and radial nerves in Ivlyorchis »
(Spencer and Sattcerlie, personal communicat ion) 1is ample evidence
for assuming the continuity of radial and marginal nerves. Thus with
epithelial ¢xcitat ion the TRR neurons could excite radial muscle
through the marginal pathway. For the apical RMP pathway the best
suggestion is that there is a connection between radial nerves and an
ectodermal nerve plexus in the peduncle. Such a plexus exists in
Stomotoca (Mackie and Singla, 1975) but has not been searched fPr
in Polyorchis.

An alternative means of nervous control over radial muscle activity
during crumpling could occur by direct neuronal transmission to
the muscle at its marginal and apical ends. FExcitation would then
have to pags along the muscle threugh mycoid electrotonic spfoad
between myoepithelial cells.  As evidence for this, synapses occur
between TNR neurites and radial rwuscle processes at the margin.
£dditionally because there appears to be a union between radial
muscle and sphincter muscle at a maryin, synapses betwecn outer
nerve riny (ONR) neurites and smooth muscle could also represent a
means of exciting radial muscle. This aliternative would also require
that there he some innervation of apical radial muscle, perhaps by
nerves from a peduncular nerve plexus although no evidence for this
exists. One inadequency of this explanation is that gap-junctions
have not been obrerved between radial myoepithelial cells which
would probably be required for intercellular current flow betweerr
cells. However, freeze-fractnre and lanthanum impregnation of radial

muscle is nceded to confirm vhether or not there are gap-junctions.

«
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Regardless of the exact means of radial muscle activation by
nerves with §ubu&brellar stimulation there must be an excitation of
nerves by endoderm during crumpling. For the marginal pathway this
probably involves an electrotonic spread from ring canal to marginal
nerves. Epithelial connection; between ring canal and ectoderm
occur at both the subumbrellar and exumbrellar sides of the margiﬁ!
This would represent a means of exciting either INR or ONR neurons.
For the apical pathway there must be similar electrotonic bridges
betyeen~é?doderm (probably radial canal) and peduncular ectoderm.

Th;>£éo possible types of nervous excitation of radial muscle
activity are not necessarily mutually exclusive. It is possible
that marginal and apical nervous transmission occurs. in conjunction

‘
with transmission from radial nerves. Alternatively, the marginal’
and apical pathways may involve different excitation routes as
suggested by the quicker fatigue of the apical pathway. It is conceivable,
because of its greater lability, that apical excitation involves an
activation of radial muscle through radial nerves (endoderm -+
nerve > nerve + muscle) whereas the marginal pathway proceeds Lhr0ugﬂ
the more direct excitation of muscle via mirginal nerves (endoderm -+
nerve -+ muscle).

The above discussion has entailed the crumpling pathways active
during subumbrellar stimulation. Exumbrellar stimulation produces a
more variable crumpling response which can involve any of the following
patterns:

1. A full crumpling behavior involving all of the crumpling

elfectors; radial muscle, sphincter muscle, longitudinal

muscle of the tentacle and manubrium, and radial velar muscle.
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2. A partial crumpling behavior, notably without sphincter
muscle contraction, involving contraction of the radial
muscles and longitudinal muscles of the tentacle, and
sometimes twitching o; the manubrium and velum.

3, A initial partial crumple (perhaps requiring several stimuli)
leading to a full crumple after ;everal shocks.

The lability and variability of the crumpling response is suggestive
of an intermediate nervous pathway between ectoderm and radial muscle
and incongruous with the thrdugh-conducted epithelial pathway
proposed in other hydromedusae (Mackie and Passano, 1968; Mackie,
1975; Spencer, 5975). In addition, the frequent requirement for

the facilitation of several exumbrellaf pulses (EPs) in order to
excite radial muscle would seem to demand a nervous route, although
the epithelial excitation of luminescence in Hipporcdius appears

to involve facilitation (Bassot ¢t al., 1978). The strongest
evidence for the existence of nervous excitation cf radial muscle in
Polyorchis is the activation of the muscle in the absence of
endodermal excitation. The only other explanation of this might be
a direct ectodermal activation of radial muscle at the margin and
myoid spread along the muscle. Even when endoderm is excitea by
FPs, as during a full crumpling response, this is usually subsequent
to radial muscle twitches.

The prescice of two distinct patterns of the crumpling response
initiated by exumbrellar stinulation suggests different consequencces
of EPs conducted to thw margin. When radial muscle is excited in
the absence of or prior to endodermal activity, an EP may

excite the muscle directly or more likely excites nerves which
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synapse with radial muscle. When endoderm {s excited

by exumbrellar sLimulgtion there must be an electrotonic spread
across the mesoglea from either exumbrellar or subumbrellar ectoderm.
The association of endodermal and sphincter muscle activity implies
that they are part of a common excitation pathway. It can be
speculated that when exumbrellar stimulation elicits full crumpling
EPs excite sphincter muscle, either through nerves or directly, and
that this is the source of electrotonic spread to the ring canal
through epithelial bridges.

One inconsistency with the proposal of nervous activation of
radial muslce is the preliminary finding that excess Mg++ (1:1, MgCl.
and seawater) deoesn't block crumpling. Although after 1-2h in MgCl,
the observed contractions of radial muscle are fecble and the RMbs
greatly reduced in amplitude, both marginal and apical pathways can
be demonstrated. It is well documented that excess Mg++ inhibits
nervous excitation of swimming muscle and longitudinal muscle
of the tentacle (Mackie and Passano, 1968; Ohtsu and Yoshuda, 1977%-
Mackie, 1975; Spencer, 1975, 1978). Although this suggests an
epithclial‘excitation of radial muscle it is not possible to determine
the exact site(s) of action of Mg++. Proof of nervous or
epithelial activation of radial muscle will have to wait for the
use of inhibitors more specific to neuromuscular junctions or
intracellular recordings.

More evidence suggesting the involvement of nerves during the
crumpling of Ivilyorchis is the observed excitation of PTPs. This

phenomenon was also observed in Sire’. where it was noted that the
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full crumpling response always Involves marginal excitatfon

(Mackie and Passano, 1968), It is suppested by Mackie and Passano
(1968) that this nervous activation may be important in elither
further exciting the epithelium, thus reintorcing the crumpbing
responsce, or in directly exciting the crumpling effectors. Al thouph
multiple epithelial excitations were mever (abscerved in Fi lopchls

it 1s obvious that tentacle retraction (asidociated with PTPs) 1.

a part of the crumpling response and may sfignify the excitation of
a common nervous pathway which also activates radfal muscle
contraction.

To explain the three types af innervation of radial muscle, it
must be remembered that crumpling is not the only response which
employs radial muscle contraction. The feeding or pointing behavior
in hydromedusae involves the contraction of a single radial muscle
and simultaneous retract ion of the manubrinm (Romanes, 1877; Mackie,
1975; Macnie and Singla, 1975). This unilateral or asymmetrical
control of radial muscle response must require nerves which would
likely be scparate from the nerves controlling crunpling.

In order to hypothesize the nervous control of crumpling it is
necessary to explain how epithelial activity can produce nervous
excitation. Indeed, there is precedence for active interactions
between epithelia and nerves. Skiu impulses of frog larvae must excite
sensory neurons to activate swimming (Roberts and Stivling, 1971,
Roberts, 1971). The activation of trunk myotomes by skin pulses
in larvaceans (Bone and Mackie, 1975) requires the passage of
depolarizing current from epithelia to sensory nerves. The inhibition

of the swimming myotomes by skin impulces in ascidian tadpoles



Clckle and Pone, 1976) suppests the passape o!f hyperpolaricing

’
current betveen epithelia and motor or central neurons. Although
stimalation of the curtace of a nectephore of By ol a0 may
cllcit an involuation of that individual through an epfthelaal
pathway, conduction ot tie response requires an epfthelial excitat ion
of nervon activity in the stem and re-exc itation of epithelial
pulses in other nectophores (Rasaot ot o)., 1978). Svnapt ic
transmission from motoneurons rcslults in the production ot excitatory
postsynapt ic potentials (FPUPs) and spikes in pastreopod salivars
pland cells, serving to coordinate salivation with feeding behavior

.

(Kater /7 0'0, 19780y, Finally, activie t epnental nerves can
£

excite the photocyten ot a polynoid pod o bac o (Herrera, 19/79).

It in fact the hepothenis of Macwie and Pascano (19708) that

radial musc le activity recults tros an elemtrotonic spread from

this would bhe a novel circumstance in which

endoderm i correct

epithelial excitation directly produces an active, muscular response,
’
Althoush there i phyvsiological evidence that involution in
Elppep 200 is mediated epithelially, no histological evidence exiots
[ i Y S
to support the prescnce of epithelial connedct fons required for this
: g

hypothesic (Bas-ot o ', 1978), Addi‘rinnn]lv)', there is no
indication that nervous intervention exists in eliciting endodermal
secrotion or ectodermal biolumineccence in ;0 0 2070 0s (Mackie, 1976b;
Passot ¢t 7., 1978). However, this is a different type of regponse,
in which the epithelium serves bath as the conducting substrate and
the effector, It may be that the release of a secretory product or
emmission of luminescence {s simply a metabolic byproduct of

excitability and that the responcea have been conserved through
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evolution because ot the adaptive advantaypes that acciue.,

Desplite the many examples of epithelfal initiation of nervous

activity, not®

basis of
especial
processe
a depola
lonic me
of tigpght
nervous

for prod
';n'u CTAK e
is al:o

Polun b
hyperpol
epitheld
is direc
by epith

The

"\

ories have been constructed to explafn the cellular

this interactfon.  The rarginal nearites ot hyvdromedusnace,
ly those of the ORR, ate frequently ensheathed by ectodermal
s. It is concedvable that epitherlial excitation may produce
rization of the neurdte by alteration of the surrounding,

'Y
dfum. Baylor and Nicholls (1969) have reportef a ddpolarication
ly encompassing glial cells due to l\’+ buildup following
activity., Mackie (1979 has suppested an analogous mechanism
ucing an opposite effect; a hyperpolarization of swinminy
r neurons. during epithelial excitation in .7 -0t . There
an inhibition of swimning by epithelial excitation in
e Intracellular recordings frorm INF Reurites have shown
aricing inhibitory postswvnaptic potentials (IPSPs) whern the
un is stimulated (Spencer, personal commnication). This
t evidence for an alteration in neuronal membrane potential
elial excitation.

initiation of nervous activity by epithelial excitation may

be analogous to the epithelial-neural interactions that occur during

sensory
sensory
closely
Although
interact
of excit

tranemit

transduct jon. Vertebrate auditor., gustatory and vestibular
systems have specialized peripheral epithelial (Merkel) cells
associated with sensory nerve fibers (reviewed by Munger, 1977).
there is little physiological evidence for the types of

jons that occur it is apparent that there must be some form
ation transfer froun the Merkel cell to the nerve in order to

a sensory stimulus,
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¢) Funote? “’of the (Turw;{ng Pithw e to the
Imtact Jellyfiash

In the first place, 1t must be emphasized that the verification
of marginal and apical crumpling pathways, possibly neuronal, in
Polyorchis does not signify that they exist in all or even most
hydromedusac. It is conceivable that [olyorchis ts pecullar among
hydromedusae in this regard. Nonetheless, 1 feel that the presently
accepted cpithelial excitation of radfal muscle in the other medusae
that have been studied (Mackie and Passano, 1968; Ohtsu and Yoshida,
19713; Spencer, 1975; Mackie, 1975) should be reappraised fn light of
the results of this study. Particularly, I must stress the importance
of recording directly from radial muscle, which heretovfore has not
been done, in order to establish the excitation pathways.

As it has gencrally been assumed that the endodermal lamelly
functions as a conducting layer for eliciting én exunbrellar initiated
crumpling r1espounse, a new function for this tissue laver must be
suggest."d. It seems likely that the lamella, at least in ¢ [yorciide,
acts as a receptive field and conduction pathway for subumbrellar
initiated cruempling. Since the subumbrellar ectoderm serves as the
swimming muscle, this outer laver can not perform a sensory or
conductile function in mediating crumpling. The histological locat ion
of the endodermal lamella, sftuated beneath a layer of ectoderm and
mesoglea, @ill reduce the sensitivity of the subumbrellar surface to
mechanical stimulation. However, due to thg tall shape of the bell
of Polycrchtg it is not very likely that an intruding organism would
disturb the general subumbrellar surface. Such stimulation would

~

be more common in leptomedusae due to their flat saucer-shaped bell,



In I o sidg and other anthomedusae, (1t 1 mo
would be apftation of the manubrion th nature
of a lony, pendant manuby foam whiich, when pelas
the bell vy in, Ml - aleo s et g pone il
prescence of .'Hn- apie al radial v Te, pat bwere
the manabifal tip wonld be expected to excrte
which, upon conduction to the peduncle] would
The Tateroy of thits rerpornce wonld be consfder
endodermal excitation had to pace to the margi
that Hytwn (19905 noticed that crumpling wais m
by manuba ol wtimnlation in the anthomedu.ae

Additiog .|1\1'., the apical pathway may be drpert

crumplyg- ¥ b wtamalation of the gonads which
very lons ard also extend below the Hell mar i

indicidoa

Gentle stimulation ot the peneral exum?ac
Foldaoormoie would not be expected to produce g
It is expected tha severe and repeated apitat
would te needed to activate a crumple in natur
facilitation of EPs in activatin, crumpling ma
the animal. Becaucse medusae are syenerally at
currents, there will he a frequent cowmtact of
with ncen-ay ressive or inan:mate objects sever
excite the ectodern. An agyressive attack on

animal, on the ether hand, will likely involve
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that the demaﬁd of crumpling for facilitation of EPs may be adaptive
in conserving muscular output for circumstances that present a real
potential harm for the Jellyfish. 1In addition, needless crunmpling
would.ippair the performance of other important behaviors, such as
swimming and feeding. On the other hand, marginal irritation, which
might represent the greatest potential harm, should easily elicit a
full crumpling rPSponsé.

In conclusion, it is suggested that although I»luorehis is
distinguished from most higher animals in possessing excitable
epithelia which serve as sensory fields for the activation of a

protective crumpling response, this response is initiated by neuronal

mechanisms similar to those of higher animals.
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PLATE 1 Genexral morpholopy of the perradius.
a) Jight mirrograph of transverscely sectioned perradius showing
the endoderal radial canal (re), at a lateral extension (le),
attached at both ends vith the endodermal lameila (el) separated
by a thin laver of mesoglea (m) from the ectodermal radial
muscle (rm), with lateral radial nerves (rn), and the swimming
muscle laver (sm). X1000.

b) Transverse section through 8@ yadial nerve bundle (rn) apposed
] Pl

.

to radial ruscde (rnx). un‘d I "i':.uﬁn&‘ tuscle (sm). Y4000,

¢) Peripheral radial canal nerves (cn)  seen in transverse

sect ion near the mesovlea {(m). These nerves are often ensheathed
by the endodernal cells containing a scattered array of tasal
myofibrils (ef). 7This section is fron lanthanum-irpregnated

gt issue and 2 gap-junctions (arrowheads) can be seen.  X24,000.
d) Radial canal at the mesogltea () showing the circular smooth

myofilaments (mf) and several gap-junctions (arrowvheads) between

the basal c¢nda of the endodermal cells.  X45,000,







2 General morphology of the interradial margin.
a) Light micrograph of a radial section through the margin
showing the triradius where exunbrellar (below), subumhrcllar

\.

(above) and velar (at the left ) resoglea converge.  Symbhols:

e¢ - cexumbrellar ectoderm, el —:‘t‘-}dod('rnm] lamella, inr - inner
nerve-ring, onr - outer nerve-ring, rne - ring canal, sm - swinming
muscle, spm - sphincter muscle, t - triradius, te - cctoderm of

a tentacle, v - velum. X1000.

b) Radiaily sectioned ectodermyl sphincter nuscle (spr) and
overlying neurites from the outer nerve-ring (onr) scparated by
a thin layer of mesogpiean b(m) from the erdodernal ring canal (rnc)
with peripheral canal nerves (en). N5000.

c) Base or the velunm cut in radial scction showing the
striated, circular swinnming muscle (sm) on the subumbrellar side

mescglea and smooth, poorly developed radial mvofibrils (mf)

on the cxumbrellar side. 9000 .






PLATE 3 Localizat ion and structure of septate junctions in the
endodermal canal.
a) Lanthanum-impregnated and uranyl acetate/lead citrate strained
endodermal canal. Septate junctions (sj) between endodermal cells
originate at the lumen (1) and extend short distances (shown by
the bracket). X7000.

b) Lanthanum-impregnated and uranyl acetate/lead citrate stained
endodermal canal. Septate junction at the lumen (1) enclosing
interdigitating processes (p). Note the relative absence of
extracellular lanthanum. X46,000. Inset X190,000.
¢) Lanthanum-impregnated and uranyl acetate/lcad citrate stained
endodermal canal. Septate junction at the lumen (1) in tangential
section showing the non-plcated, concentric arrangement of septa
(arrowheads) and a longitudinally sectioned interdigitating
brocess (p). X62,000.

d) Conventionally fixed and stained margin at the exumbrellar
surface. Septate junctions Ss;) cnciosing Ccllulaf processes
occur between the apical ends of the ectodermal cells. Note the
presumably sensory cilia and processes associated with neurites

(n) from the outer nerve-ring. X5000.






PLATE 4 Localization of and conventionally stained gap-junctions
in the endodermal canal.

a) Lanthanum—impregnatgd and uranyl acétate/lcad citrate stained
endodermal canal at {ts periphery showing an array of gap-junctions
(arrowheads) bvtwgen the basal ends of endodermal cells. Mesoglea
(m) surrounds the canal and its connection (¢) with the endodermal
lamclla. X20,000.
b) Conventionally stained and fixed endodermal canal.  Two

gap-jurctions (gj) in transverse section with an intercellutar

space of amout 4.5nm. X111,C00. Insct X240,000.






PLATE 5 Lanthanum-imprepnated endoedermal pap junctions in
transverse section,

a) Scries of gap-junctions (arrowheads) within an endoderral
process midway in endodcermal canal-cndodermal lamella commection.
Note that at regions where the junctions are twisted lucent
globules () are apparent.  X20,000.
b) Higher magnification of a region of a) showing the
striated appearunce of transversely sectioned, lanthanum-
filled pap-junctions. X85,000. Inset shows electron-lace
bridges (b) between plusaa membranes. Within a bridge o
electron-dense line (arrowed) is scen traversing the jun !

X410,000.
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PLATE

7

a)

?
f

Freeze-fracture replication of septate junctions.

ad

Series of septate junctions (sj) in a replica from the radius.

These junctions have rows of EF particles (about 10nm in

diameter). As in sectioned material these g junctions

often enclose interdigitating processes (p) € most common

at the surface of the tissue, indicated here by their proximity

to surface extensions (e). X38,000.

b)

c) Higher magnifications of the septate junction in a)

indicated by the arrow. In b) a correspondence betwecen the

EF particle rows (showing a periodicity of about 12nm) and PF

grooves (arrowhead) can be seen. X85,000.

Symbols: «¢f - exoplasmic face, pf - protoplasmic face, Circled

arrow at lower left shows the shadow angle.






PLATE 8 . Freeze-fracture replication of gap-junctions with
irregular particle aggrepates.,

a) Replica ot marginal tissue showing several EF particle
ageregiates (arrowheads) representing gap-junctions.  These
aggregates have dirregular arrangements of particles.  Although
mary of the arrays have regions in which the fracture plane
deviated to the PP, no complementary PF pits have been scen.

X20,000.

b)  Enlarg.cnent of the gap~-junctions labelled "b" in a).

X79,000.

¢) Inlargement of the gap-junctions labelled "¢ in a).

X79,000.

Syubols:  ef — ¢xoplasmic fracture tace, pf - protoplasmic

fracture face circled arrow at lower left shows the shadow
.

angle.






PLATE 9 Freecze-fracture replication of gap-junctions with

repular (plaque-like) arrvangement of particles,
a) Replica of marginal tissuc showing severall plaque-Jike
EF particle aggregates presumed to be gap-junictions. These
aggregates display a tight packing of particles comparable
to the ¢n fiu- sectioned lanthanun~-filled plagues of Plate 6b.
No complenwentary pits are seen on the PF within some of the
plaques.  X33,000.
Inset 1 is an enlargement of the particle apgregate labelled 1
in a). X150,000. Inset 2 is an enlargenent of the particle
agpresate labelled 2 in a).  X166,0060.
b) FPReplica of marginal tissue showing an FF particle a,prepate.
The particle diarweters and periodicity and the presence of
particle-free patches wvithin the agerevate Show a clese
correspondence to the ¢n “2 arrays of lanthanum-impregenated
prp-junctions in Plate 6. X120,000.
¢)  Enlargement of the gap-juncticon of b). Several particies
sugpgest a star-like shape (boxes) and the presence of a central
deprescion (arrovheads) similar to but not as distinct as the
Totules of Plate 6c.  X210,000.

nesgative stained o

’
*y

Symt.ols: f - erxoplasmic fracture face »f - protoplaanic
Py AS i » 1

face, circled arrow at lower left shows the shadow angle.
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PLATE 10 General ultrastructure of radial muscle.
a) Transverseé section of radial mus‘ showing the invagination
of mesoglea (m) into the muscle almost as far as the subumbrellar
surface (su). X7000.
b) Higher magnification of transversely sectioned radial muscle
in which "desmosome-like" junctions (arrowheads) between the
basal ends of thce myoepithelial cells are seen. Note that the
myofibrils of some cells are arranged in distinct aggregates (1)
whereas those of other cells are more loosely packed but
homogeneously arranged throughout the basal region of the cell
(2). X13,000.
¢) Enlargement of the "desmosome-1like' junctions present
between radial myoepithelial cells. At regions (arrovheads)
electron-dense filaments can be seen traversing the intercellular
space {(ca. 10nm) between apposed celis. It is assumed that
these junctions serve a mechanical function. Small aggregates

of microtutules (boxes) can also be secn. X85,000.






PLATE 11 Connections between radial muscle and radial canal.

od

a) Transverse scction through the perradius showing an
cpithelial connection (arrow) between ectodermal radial muscle
process and the endodermal radial canal. Note the presence of
a neurite within the mesoglea midway between radial muscle and
radial canal. X4000. )

b) Enlargement of the connection tetween radial muscle and
radial canal of a). lyofibrils (arrowhcads) are present within
the epithelial connection. X29,000.

¢) Another transverse section of the same epithelial connection
in a) showing a more extensive union (arrow) between radial muscle
and radial canal. The presence of radial rmuccle processes
associated with a neurite within the mesoslea suggests that
there is also a nervous connection between radial muscle and
radial cana! perhaps joining radial nerves and the peripheral
canal nerves. X5000.

Symbols: m - mesoglea, n - neurite, rc - radial canal, rm -

radial muscle.
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PLATE 12 Ceneral ultrastructure of radial nerve.
a) Radial scction showing the appostition of the radial ncrve
bundle (rn) with radial muscle (rm) and swimming muscle (sm).
A neurite (n) distal from the radial nerve bundle can be seen
near the mesoglea (m). The arrowhead indicates a synapse of
radial nerve with a swimming myocpithelial cell (sce plate
13a). X5000.
b) CGap-junction (gj) between radial neurites and an annular
gap~junction (agj) in which th(j'ent ire perireter of a neuronal
process is tightly apposed to another neurite., X50,000,
c) d) Asymmetrical s'mapses between radial neurites vith
pre- and postaynaptic membrane densificaticon and presvnaptic
vesicles with dense (¢) and clear (d) cores. “¢) X28,000.

-

c) X27,000.
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PLATE 13 o Synapses between radial nerve and swimming must.
Synapses (arrows) hetween ra%ial neurites (rn) and apical
extensions of the striated, Ef;gglar swimminé‘hyoepithelium (sm) .
These ncuro-myoepithelial junctions are characterized by pre-
and postsynaptic menmﬂhne densification, an intercellular space
of about 25am and usually clear-cored presynaptic vesicles of
varifable diameter bhetween about 85-200nm. Microtubules (mt)
cut in longitudinal section can be seen at the apical end of the

swimning myoepithelial cells in a). a) X24,000, inset X5%,;000;

b) X15,000, inset X«46,000.






PLATE 14 Synapses between radial nerve and radial muscle.
Four synapses (arrowheads) beiween radial neurites (rn) and basal
processes of smooth, radial myocpithelial cells (rm) . These
junctions are more common than radial nerve-swimming muscle

synapses (plate 13). Microtubules (nt) can be seen in the radial

myoepitheljum of a). Characteristics of these neuro-myoepithelial
junctions are pre- and postsynaptic membrane densit.c-ation, an
o~ ? »‘
intercellular space of about 10nm and presynaptic velgicles, ; ‘.,
v N
* e
either clear-cored (a, d) or dense—cored (b,c). of 60-100nm. uga'

a),X36,000, b) X9000, inset X117,000; c¢) d) X37,000. e) X89,000.






PIATE 15 General ultrastructure of sphincter muscle and outer
.
. norvu—rinzb
a) Radial secction throuph interradial margin at the triradius (@
where mesoplea (m) of the exumbrella (to the right), subuxbrella
(t; the left) and velum (above) converge. Sphincter muscle (sp m),
across from the endodermal ring canal (rnc), extends to the
triradiuvs and passes a shogt distance up the velar mesogleal
face, in close apposition to the outor vevve-ring (onr). Y 3000.
b) Radially sectioned sphincter musc . ~newing the following

similarities to radial muscle: mesoples” (n) infoldings,

proxinity to cndodern (the ring camal; rnc), "desmosore-1ike™

junctione (arrowheads), icrotubulesu(buxrs). M12,C000.

(5
¢) Three asyvimnetrical sy

phes (arrowheads) with dense-cored

-

Vesicles beliveen euto, nofve—ring nenrites,  X41,000.
e

d) A symmetrical s.oapse (arrowbead) between outer nerve--ring

neurites witl, dense- and clcar-cored vesicles. In this cane, N

if the contart is funf?i)na] both neurons must have pre- and

-~ S
postsynaptic  capabilitics, X26,000.
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PLATE 16 Synapses between outer ncerve-ring QGNR) neurites and
sphincter muscle.

Radial sections of synapses (arrowheads) between ONR neurltes '
and processes.of smooth, circular, sphincter myocpithelium near
the triradius. These junctions are found at the face of mesoglea
passing to the velum (up in’; and b; down in c-e).

Symbols: 1inr - inner nerve-ring, m - mesoglea, n - neurite from

ONR, onr - outer (exumbrellar) nerve-ring, rnc -

subumbrellar and %elar mesoglea). a) X4000, b) IR i B x4000

d) X9000, » X39,000.
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PLATY 17 General histology of the perradial margin.
Light micrographs of radial sections throuph the margin at the
perradius. In all cases subumbrella is up and'x.c:(umbr'el.la down.

’ .

Notable feuatures of this region of the margin are: the apparent
absence of the sphincter muscle bundle from the exumbrellar-
mesogleal interface (cf. l’late:‘?a); ‘connect ions betwéen subumbrella
and exumbrella, e¢specially apparent in d), ¢) and f), involving
muscula a.nd nervous elements; and connections between radial
N, A ’

‘muiscle processes and ring canal, arrowed in b) and d) 1Inset.

Symbols: em - muscle within exumbrella possibly originating
) v
from the subumbrella, inr - jnner nerve-ring, m- transmesopleal

muscular prévcss, n - trzmsna(*sogl.l .nervous preecess, onr -

outer nerve-ring, rm - radial muscle, rnec - riny carnal,

t - triradius (convergence of exurbrellar, subumbrellar and .
velar mesoplea), v - velum. a) X1000, d) X2000; b)), ¢), d) inset,

e) and f) N3000.
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PLATE 18 Ultrastructure of perradial margin.
- Radial section through the margin at the perradius with ubumbrellar
slde down and exumbrellar side up. Sphincter muscle is greatly

reduced along the exumbrellar-mesogleal interface (cf. Plate 15a).
Myscle on the exumbrellar side of the margin involves long
strands of smooth muscle processes (arrowheads) passing through

L4
the outer nerve-ring almost to the exumbrellar surface, possibly
originating from the subumbrellar radial muscle. Roxes indicate
the location of synapses between ONKR neurites and exunbrellar

smooth muscle shown at higher magnifications in Plate 21.

Symbhels:  em - exumbrellar (sphincter and/or radial) muscle,

exs - cxumbrellar surfage, inr - inner nerve-rjug, m - mesolgea,
onr - outer nerve-ring, rm - radial puscle, rnc - ring canal,
t - triradius (convergence of subumbrellar, exumbrellar and velar

mesoglea). X2000.






PLATE 19 Ultrastructure of subumbrellar-exumbrellar connections
at the perradial margin.

Radial sections throygh perradial margin at the triradius with
subumbrella to the riﬁht, exumbrella to the left and velum up.
Transmesogleal connections from subumbrella to exumbrella
include both muscular (arrowheads) and nervous elements. This
suggests that the exumbrellar muscular processes, passing through
the outer nv;ve‘ring towards the exumbrellar surface and along the J
velar mesoglea interface (sce Plate 18), are continuous with

the radial muscle.

Symbols: inr -- inner nerve-ring, m - exumbrellar muscle, n -

7

transmesogleal nervous connection, onr - outer nerve-ring,
rm -~ radial muscle, rnc - ring canal, t - triradius (convergence
of exumbrellar, subumbrellar and velar mesoglea). a) X2000,

b) X5000, c¢) x3000.
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PLATE 20 Synapte of fnner nerye-ring (INR) neurite with radial

muscle, ’

¥y
Radial sections through the perradial mé#ﬁin a short distance
from the triradius (below) with subumbrella to the left and
exumbrella to the right. Transmesogleal radial muscle processes
(arrowheads) continuous with exumbrellar muscle are seen in a).
Box indicates a synapse between an INR neurite and radial musdle
(enlarged in b and ¢). This synapse has an intercellular space
of about 10nm, a large number of fairly homopeneous presynaptic
vesicles with Jdiameters of about 60nm and with electron dense

cores, and a peculiar tubular vesicle continucus with the

intercellular space (arrowhead in c).

Symbols: 4{inr - inner nerve-ring, m -~ exumbrellar nuscle,
n - neurite from INR, onr - outer nerve-ring, rm - radial muscle.

a) X5000, b) X14,000, c¢) X80,000.






PLATE 21 Synapses between outer nerve-ring (ONR) neurites and
smooth muscle at the perradius,.

Radial sections of perradial margin near the triradius (to the
right) with subumbrella below and exumbrella above. Three synapses
(boxes) between ONR neufites and exumbrellar smobth muscle at '
the velar mésogieal facel(for exact location at the margin see
'flgte 18). These neuro-myoepithelial junctions (arrowheads) are
enlarged’in b), ¢) and d) showing the usual pre- and postsynaptic
membrane densification and presynaptic vesicles.

Symbols: dinr - inner nerve-ring, m — exumbrellar smooth muscle,

: . .

n - ONR neurite, onr - outer nerve-ring, rm - radial muscle.

a) X4000, b) %X21,000, c) X19,000, d) X17,000,
4
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