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Larvaceans are small pelagic tunicates which live in gelatinous houses that they
secrete, drawing a feeding current of water through the house by oscillating the tail.
Their anatomy and histology have been studied by a number of workers (e.g.
Tol, 1872 Seeliger, 1893 ; Lohmann, 1933 ; and Martini, 1909). Although special
methods for nerves were not used by these workers, the living animals are very
transparent, so that it is possible {0 see some sensory structure in life, as well as
the motor innervation of the caudal muscle cells. The organization of the nervous
and muscular systems was therefore fairly accurately described long ago; it is
secen diagrammatically in Figures 1 and 2.

An anterior “brain” containing a statocyst lies dorsally in the trunk region, from
it nerves run to the lips and to the pair of ciliated stigmata through which the
feeding current passes (Galt and Mackie, 1971). A dorsal nerve cord running
over the stomacli joins a caudal ganglion near the base of the tail; from the
caudal ganglion a caudal nerve passes down the tail beside the notochord. During
development, the tail rotates to lie in the horizonal plane, but the caudal nerve is
morphologically dorsal to the notochord, as seen in Figure 2.

In the nerve cord of the tail there are conspicuous nerve cell bodies (Fig. 2),
often paired and segmental in arrangement, reflecting the segmental origin of the
motor axons, which terminate upon the inner surface of the caudal muscle cells
in beautiful corymbiforin motor endplates.

Other finer fibers (figured by Fol, 1872) also pass segmentally out of the
nerve cord and terminate in branching, sometimes beaded, endings on the inner
surface of the muscle fibers. Martini (1909) suggested that they were sensory
terminations ; it is, however, probable that these axons too are motor.

A pair of nerves (the nervi recurrentes caudae of Tangerhans) pass forward
from the caudal ganglion across the dorsal and ventral haemocoel of the tail of the
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Ficure 1. Diagram showing organization of trunk and anterior tail region in Oikopleura.
The tail has been twisted for clarity. b represents brain; cg, caudal ganglion; cn, caudal nerve;
cm, caudal muscle cells; cr, ciliary ring; dnc, dorsal nerve cord; f, fin; g, gonad; Lr, Langer-
hans receptor; m, mouth; n, notochord; o, oikoplastic epithelium; r, rectum; and s, stomach.

paired bristle-bearing receptor cells on either side of the trunk which were dis-
covered by Langerhans (1877). Seeliger (1893) suggested that these cells were
sensitive to vibration. Apart from the receptor cells of the lips, the Langerhans
receptor is the only exteroreceptor which has been observed in Oikopleura.

The muscular syvstem operating the tail is composed of a small number of
muscle cells (8-12 depending upon the species) lyving on either side of the notochord
and extending caudally bevond the notochord tip. These cells interdigitate with
adjacent cells in a characteristic way (Bogoraze and Tuzet, 19069) and have an
inner myofibrillar zone and an outer mitochondrial zone. They are focally inner-
-ated by the corymbiform endplates, and transmission is apparently cholinergic
(IFlood, 1973

The outer surface of the animal is not covered by a tunic, as in other tunicates,
but is composed of an exposed epithelial layer consisting of thin polygonal cells;
in the oikoplastic regions of the trunk the cells are thicker and highly specialized
for secretion of the house.

Although the structure of Oikoplenra, summarized briefly above, is fairly well
known, little is known of the physiology of the animal. In a previous paper (Galt
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and Mackie, 1971) the electrical correlates of ciliary reversal were mvestigated.
It was also found that small potentials could be recorded from the surface of the
trunk when the epithelium was touched; these events were suggested to be propa-
gated skin 1mmpulses.

In the present paper we show that the epithelinum covering the animal is indeed
capable of propagating skin impulses, and that these are linked to the neurons
driving the locomotor rhythms of the animal.

MATERIAL AND METHODS

Two species of Otkopleura were invesigated.  Unless otherwise stated, the
species referred to in this paper is the large Oikopleura lubradoriensis Lohmann,
which was common in the plankton off the Friday Harbor laboratory throughout
April 1974, Large specimens of this species had tails some 7 nun long. By June
it had become scarce, and the smaller O. dioica FFol was used for some experiments.
The animals were dipped from the water off the laboratory dock, and transferred

Ficure 2. Stereogram of anterior caudal region. The oikoplastic epithelium of the trunk
region is shaded. Note the Langerhans nerves arising from the caudal ganglion and passing
to bristle-bearing receptor cells, and two types of motor ending. cg represents caudal ganglion;
cm, caudal muscle cell; f, fin; g, gonad: Ln, Langerhans nerve; Lr, Langerhans receptor cell;
me, motor endings; n, notochord; and o, oikoplastic epithelium.
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Frcure 3. Skin impulses evoked by electrical stimulation of isolated fin
region; scale bars: 500 uv, 4 msec.

to small aquaria m the laboratory for observation of their behavior while still in
their houses.

Electrical recordings were made from specimens held by suction electrodes or
pinned down on Sylgard platforms with cactus spines. The recording dish was
mounted on a Peltier cooling ring.

Plastic suction electrodes were used for external recording. Sea water was
drawn up into the tube, and the animal was held to the tip by suction. Such
electrodes were also used for stimulation. Input was fed to a Grass 79C poly-
graph with EEG amplifiers, and the amplified signal was displaved concurrently
on a Tektronix 3103N storage oscilloscope.  Stimulating shocks of 1-2 milli-
seconds duration were given with a near-threshold voltage setting.

In some experiments, input from the suction electrodes was fed to a Gould
Brush 220 oscillograph, ia the amplifiers of a Tektronix 302 oscilloscope.

Living and Flemming-fixed specimens were examined by Nomarski mterference
microscopy ; material for electron microscopy was fixed in 2.5% glutaraldehyde
in Millonig’s phosphate buffer, followed by postfixation in 1% osmium tetroxide.
Sections were stained with uranyl acetate and lead citrate and examined in a

Philips EM 300.

REsuLTs

Skin inmipulses

When suction electrodes are attached to any part of the surface of the tail or
posterior trunk region, and the skin is stimulated electrically or mechanically, it
is possible to record impulses which spread across the surface from the point
stimulated. These are large events, (1-2 millivolts), with an initial positive going
component ; the form of the pulse being rather variable (Fig. 3a and b). By
placing a stimulating electrode on the tail tip, and two recording electrodes at dif-
ferent distances away from it, records such as Figure 4 are obtained. Within the
areas in which they are conducted, the skin impluses show non-decremental all-or-
none spread.  Conduction velocities lie within the range 15-21 cm/sec at 12-13° C,
with an average of 17.8 em/sec for a number of records from different specimens.
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These values refer to the first impulses obtained from preparations which had
not been stimulated in the recent past. Conduction velocity decreases with repeated
stimulation, the rate of decline being related to frequency of stimulation as shown
in Figure 5. Measurements from preparations where the impulse passes succes-
sively beneath two recording electrodes show that the increase in conduction time
represents a decrease in conduction velocity, not an increased initiation lag.

The impulses spread diffusely in all directions. They can pass around the
edge of the tail fin and invade the contralateral side. Theyv spread to (and can
be evoked from) the epithelium covering the gonad and hinder trunk region, but
are not found in the specialized oikoplastic epithelium of the anterior trunk region
(Figures 1 and 2). Stimulation in this region does not vield a behavioral response
except near the lips. where sensory cells are located. Lip stimulation affects the
ciliary beat of the stigmata, the response being mediated hy a nervous pathway
(Galt and Mackie, 1971).

\We have not succeeded in making intracellular records from the single layer
of epithehal cells some 3 pum thick, which forms the skin of the animal, but there
is compelling evidence that the skin impulses are in fact conducted by these cells.

The impulses spread diffusely across the surface of the animal, and in the
regions where they spread, there is a umiform degree of excitability, so far as we
can determine. Interruption of the epithelial sheet by abrading the skin around
the tail blocks conduction across the damaged belt. On the other hand, deep
incisions into the tail, including cuts which sever the nerve cord, do not block
conduction provided that a skin bridge is left intact. The impulses can be recorded

Ficure 4. Propagation of skin impulses. The position of stimulating (S) and recording
electrodes (Ry, R:) are shown at left. The cross marks the beginning of tail movement evoked
by the skin impulse.
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from isolated strips of the tail fin, which consists essentially of a simple outfolding
of the skin. Nerve fibers in the tail can easily be followed in the lving animal
to their terminations associated with the inner face of the muscle bands,

Ii there was a general innervation of the skin, or a nerve net underlying it,
this should be readily visible, but no such elements have heen seen, either in the
living animal, or in numerous EM sections of the skin in the two species examined.
The only nerves which reach the skin in the areas we are concerned with are
those which go to the two lateral bristles on the posterior ventral trunk wall,
which, as we show below, provide the pathway whereby skin impulses reach the
central nervous system. Fol (1872) described (in another species) a caudal
receptor cell and fiber lving at the extreme tip of the tail: in the two species we
have examined, a cell with a long process is found at the tip of the tail, but it does
not seem to be in connection with the nerve cord, and is probably a connective
tissue cell.

The epithelial cells of the skin are connected by gap junctions (see helow)
which offer a potentiality for electrical, ionic, and metabolic communication (Gilula,
Reeves and Steinbach. 1972). Conduction across an electrically-coupled sheet of
cells would not be suppressed by drugs which Dblock cholinergic synapses. e
find that skin conduction continues in preparations treated with levels of Mg'*
which suppress muscle rhythms, presumably by blocking the nervous pathways
through which the muscle is activated.

Skin impulses having many features in common with those described above
have been demonstrated in hydrozoa and in amphibian larvae. In the latter,
intracellular records have confirmed that the events originate within epithelial cells.
We have also found that skin impulses are present in the tadpole larvae of the
ascidian Dendrodoa grossularia, and have been able to record these intracellularly
from the epithelial cells of the tail (Mackie and Bone, in preparation). [Finally,
skin impulses are not found in the larvacean Fritillaria pellucida, and histological
examination shows that epithelial cells are absent in this species (Bone, Fenaux
and Mackie, in preparation).

Frcure 5. Decline in conduction velocity of successive skin impulses evoked by electrical
stimulation.  The upper is stimulated at 0.5/sec; the lower is stimulated at 1.5/sec; scale bars:
5()') J7A 5 msec.
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Freure 6. a) Epithelial cells covering gonad region fixed in Flemming without acetic
and stained with iron haematoxylin: b) the same region as (a) at a higher magnification
showing the fibrous appearance of the cytoplasmi; ¢) the Langerhans receptor cell; in this
preparation, which was fixed in Flemming without acetic and examined with Nomarski inter-
ference contrast, the tip of the bristle has been damaged; d) The caudal ganglion and Langer-
hans nerves seen in the living animal with Nomarski intereference contrast. The junction of
the tail with the trunk is to the left of the figure; n indicates the notochord.

These considerations leave little doubt that the skin impulses of Oikoplenra
are propagated across the epithelial cell sheet which forms the outer surface of the
animal.  The wave forms recorded with suction electrodes show considerable
variation. In their simplest form. skin impulses are smooth biphasic events, but
secondary blips, shoulders and composite wave forms are also seen. It must be
borne in mind that suction electrodes vary in bore and resistance; in the amount of
tissue they cover or imbibe (partly dependent upon the suction applied) ; in the
extent to which they damage the cells under or around the point of attachment :
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and the extent to which they may leak under the stress of sudden movement.
Some distortion of what is assumed to be a conventional waveform is inevitably to
be expected in recordings made with this technique. Distortion resulting from
capacity-coupling in the amplifiers is probably slight, since records made with d-c
aniplifiers differ little from those (figured in this paper) using a-c coupled amplifiers.
our records, the typical skin impulse has a duration of 8-12 msec. There
1s a correspondingly short refractory period of some 5 msec.
Little or no attenuation of the second impulse occurs with pulse pairs 12 msec
apart, again suggesting that the membrane is fully repolarized within that period.
Impulses propagated in the skin pass to the locomotor centers in the central
nervous system and either evoke a swinuning burst, or accelerate existing swimming
activity, as we discuss in a separate section below. In fresh specimens there is a
one-to-one coupling between skin pulses and initial muscle response. There are
no cilia on the outside of the animal nor secretory cells in the conducting regions,
so that in the absence of such local skin effectors, there is no reason to suppose
that skin impulses act other than as part of the afferent sensory pathway in the
locomotory escape response.

Structure of the epithelial cells of the skin

The cells which propagate the skin impulses are large flattened polygonal cells
(Fig. 6, a and b) whose borders interdigitate slightly.

Larger cells cover the lateral surface of the tail than elsewhere (Fig. 2). The
largest are around 250 pm across, elongated in the anterioposterior direction, as
are their spindie shaped nuclei. The ultrastructure of these cells is striking, for
they are divided into two distinct lavers; an outer fibrous or “cuticular” layer
without mitochondria or other cell organelles, and a thin inner layer containing
the nucleus, mitochondria, Golgi appartus, and rough ER (Fig. 7). It is pos-
sible that the fibrous laver of the epithelial cells is made up of tunicin fibrils,
since in size and arrangement, the fibers resemble those 11 the test of other tunicate
groups. On the outer surface of the cell is an irregularly beaded layer. This
peculiar arrangement suggests that the epithelial cells are divided functionally
into an outer “cuticular” zone, and an inner zone in which the vital functions of
the cell take place. As we shall see in a later section, Oikopleura is remarkably
impermeable to drugs if the epithelial layer is intact. Unlike other tunicates,
the adult Oikoplenra does not possess a tunic, for although present in the larva,
the tunic ruptures and is lost as the animal increases in size (Galt, 1972). This
unusual outer laver of the epithelial cells is not present in the ascidian tadpole
larva (Mackie and Bone, in preparation), which is equally impermeable to drugs,
but which does possess a tunic.  Adjacent epithelial cell membranes are separated
by a gap of some 200 A (Fig. 7), except for a limited region near the bases of the
cells where the two membranes are more closely apposed forming gap junctions.
Since these gap junctions are 1ot visible in every section of two adjacent cells,
it appears that they do not form a continuous band around the bases of the cells,
rather that they are distributed in a punctate manner.
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Ficure 7. Junction between two epithelial cells of trunk. Note outer “cuticular” region
of epithelial cell, and inner mitochondrial zone. The adjacent cell membranes lie 200 A apart
(inset) except for a gap junction (arrowed) near the inner face of the cells. M represents
underlying muscle cell; scale bar 0.5 pm.

Motor patterns of the tail

The activity of the caudal mnsculature in Oikoplenra (studied in O. dioica
by Galt, 1972) is essentially rhythmic, varying from long cveles of oscillation to
single beats at intervals; usually short bursts of tail movement alternate in a
regular way with periods of inactivity (Fig. 8). Both amplitude and frequency
of the tail movements are variable, so also are the lengths of the bursts of activity
and the interburst periods. Our records of these patterns of activity were obtained
by attaching suction electrodes to the trunk or tail: potentials serving to indicate
tail movements arise as the animal moves its tail, but it is not certain whether these
are movenient artifacts or whether at least in part, they represent electrical activity
of caudal muscle cells, as Galt and Mackie (1971) previously suggested.

Glass microelectrodes placed with their tips in the caudal muscle cells of animals
whose tail movements have been restricted by pinning down the tail, provide rather
similar records (compare Fig. 8 a and b). but similar difficulties of interpretation
arise. It seems on the whole most probable that the potentials recorded by suction
electrodes are extracellularly recorded muscle potentials.
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Ficure 8. Swimming activity: (a) suction electrode record: (b) record obtained from
microelectrode (in caudal muscle cell); (c) suction electrode record (O. dioica) ; scale bars:
aand b: 10 sec; c: 1 sec.

Three general patterns of spontaneous activity can be distinguished in intact
antmals : pumping behavior in the house: swimming behavior ; and house rudiment
expansion behavior.

Pumping behavior. \When occupying the house in which it feeds. Oikopleura
pumps water through the house (thus moving the house forward through the

Number

204 Y4

Duration (s)

9. Length of burst (filled) and interburst (open) periods during periods of:
(a) 1g behavior in the house; (b) swimming behavior of intact animal attached to
ele 1solated tail attached to electrodes.
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water) by rhythimic bursts of oscillation of the tail at frequencies between 2.5 and
3.0/sec.  This activity is cyclical; in an animal observed for 25 min in an
aquarium, the length of the bursts of tail activity varied somewhat, as did the
interburst intervals, but over short periods, both are very regular (Fig. 9). These
low frequency bursts characteristic of pumping behavior within the house, may be
shown for a few minutes after animals have been removed from the house and
attached to suction electrodes, but more usually, although burst length and inter-
burst interval remain similar, the frequency of oscillation within bursts increases
almost at once, and a different pattern of activity appears.

Swinuing behavior. When feeding in the house, Qikopleura is very sensitive
to vibration, even light touch of the house causing the animal to leave in a burst
of swinmming at relatively high frequency. This is then followed by a similar
rhythm of activity to that of pumping behavior, but at higher frequency, usually
between 5 and 6 ¢/sec within the bursts of activity. The animal swims upwards
i the water colunmm, and sinks vertically head downwards during the periods of
inactivity.  The timing of bursts and interburst periods in animals swinuing
freely in aquaria is similar to that shown when thev are attached to suction
clectrodes; for a given animal over periods of 15-20 min or so, this pattern of
activity 1s remarkably regular (Fig. 9b). Over longer periods, the pattern may
change: it is slightly different between different animals.  During the swimming
burst, the frequency of tail oscillation usually remains the same (see Fig. 12).

Removal of the anterior part of the trunk (containing the cerebral ganglion),
or separation of the tail from the trunk by cutting across the base of the tail,
does not significantly alter the swimming pattern; the isolated tail (Fig. 9c¢)
shows a similar pattern to the intact animal.  Successive removal of portions of an
1solated tail beginning at the tail tip does not abolish the swimming rhythm even
if only 2 muscle cells remain on either side of the tail stub, but if the tail 1s
progressively shortened m a similar way, beginning at the base, then spontaneous
activity ceases as soon as that portion of the tail containing the caudal ganglion has
been removed. Tsolated tails which have been cut across so as to remove the caudal
gauglion not only do not exhibit spontancous activity, but respond to high levels
of electrical stimulation with single beats only, and rhythmic activity cannot be
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Ficure 10. House rudiment expansion behavior. Note larger rhythm superimposed on
steady oscillation in B and C; scale bars: A, 10 sec; B, 5 sec; C, 15 sec.
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