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body surface to create a gap between the two end parts (Fig. 3A). In contrast to tha
results with Mnemiopsis (Fig. IB), both of the separated parts of the Pleurobrachick
plate beat together during passage of metachronal waves down the row. Each end
piece was thus stimulated directly by the movement of the preceding plate.

To test whether intraplate coordination can occur in Pleurobrachia, direct
mechanical stimulation of one side of a plate by the preceding plate was avoided by
amputating the corresponding side of the neighbouring plate (Fig. 3B). Nevertheless,
the entire plate beat as a unit, demonstrating the existence of synchronal coordination
between the side which was triggered by the active stroke of the neighbouring half-
plate, and the other unstimulated side. To determine the nature of this coordination,
a physical gap was made between the stimulated side and the unstimulated part of this
plate by holding back an intermediate sliver with a needle. Activity of the neighbour-
ing half-plate triggered beating of the corresponding side of the experimental plate,
but not of its separated end piece (Fig. 3C). Upon release of the intermediate piece,
the entire plate beat together when stimulated by the preceding half-plate.

DISCUSSION

The present results show that in cases where the beating of a plate is triggered by
a ciliated groove - either at the head of a comb row (in all ctenophores) or along the
row (in lobates) - the cilia within the plate are synchronized by hydrodynamic coupl-
ing forces between them. Such mechanical interaction is sufficient to ensure ciliary
synchrony in naturally frayed plates, where the separation between adjacent parts is
very narrow. As shown above, mechanical coupling is even possible across wider gaps
if the cilia beat at high frequencies and create stronger water currents.

Fig. 4. Diagram of steps leading to synchronous activation of cilia within a comb plate by the ciliated
groove, based on experiments shown in Fig. 1. Metachronal waves in the ciliated groove (eg, arrow)
are coordinated by mechanical interaction (Tamm, 1982). At its junction on the aboral side of a comb
plate, the ciliated groove excites beating of the central part of the plate by an unknown mechanism
(arrow, question mark). Activation of beating spreads instantaneously to both sides of the plate by
mechanical coupling between the cilia (lateral arrows), resulting in synchronal activity of the entire
plate (A O, aboral-oral direction).
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The microsurgical experiments also show that electrical coupling between comb

f late cells, suggested by the presence of gap junctions (Satterlie & Case, 1978), is not
responsible for synchronizing the beating of cilia within a plate as proposed previously
(Horridge & Mackay, 1964; Satterlie & Case, 1978). Gap junctions may serve to
spread neurally-mediated signals for various motor responses of comb plates, such as
ciliary arrest and reversal (Tamm, 1982; Tamm & Moss, 1985). This possibility is
currently being investigated by intracellular electrophysiological recording and dye
injection (A. G. Moss & S. L. Tamm, in preparation).

How the short cilia (10—15 (*m) of the ciliated groove excite beating of the long cilia
(> 1000 jUm) in the centre of a comb plate is not known. Since the cilia along the groove
are coordinated by mechanical interaction (Tamm, 1982), they may stimulate the
plate cilia directly ahead of them by a similar mechanism, providing this region of the
plate is sufficiently mechanosensitive. The pronounced widening of the ciliated
groove at its junction with the base of a comb plate (Fig. 2) suggests a device for
mechanical amplification.

Once triggered by the ciliated groove, the beat is instantaneously transmitted out-
ward to both sides of the comb plate by the high degree of mechanical coupling
between neighbouring cilia (Fig. 4). The flange-like compartmenting lamellae which
extend between adjacent cilia in the line of synchrony (Afzelius, 1961) undoubtedly
contribute to this mechanical interaction.

The results onPleurobrachia comb rows (Fig. 3) show that under conditions where
intraplate coordination occurs, the cilia within the comb plates of cydippid
ctenophores are also synchronized by mechanical coupling. In this regard, compart-
menting lamellae are present between adjacent cilia in the comb plates of all
ctenophores, regardless of the mechanism of metachronal coordination (Tamm,
1982). Although an intraplate synchronizing mechanism is normally not needed in
Pleurobrachia, it may be advantageous in ensuring metachronal wave transmission in
cases where comb plates have become partially damaged.

In conclusion, these findings emphasize the mechanosensitive nature of motile cilia
(see Tamm, 1982, 1983; Wiederhold, 1976), and show that mechanical activation of
the motile elements (Machin, 1958; Brokaw, 1966) plays a key role in the initiation
and phasing of ciliary beating during synchronal as well as metachronal coordination.
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