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Motility and mechanosensitivity of
macrocilia in the ctenophore Beroé

Sidney L. Tamm

Boston University Marine Program, Marine Biological Laboratory,
Woods Hole, Massachusetts 02543, USA

Mechanical activation of the microtubule sliding mechanism in
cilia and flagella’~> by local passive bending has been postulated
to be essential for the initiation and propagation of bending
waves along the axoneme**, In addition, responsiveness of cilia
to hydrodynamic forces imposed externally by their neighbours
is thought to be responsible for metachronal coordination of
ciliary activity®*?, as well as for synchronal beating of com-
ponent cilia within compound ciliary organelles'""!?, Direct tests
of the mechanosensitivity of motile cilia are limited, but gen-
erally support these views”'*1"13>-18, It remains problematical,
however, whether mechanical interaction between cilia oper-
ates continuously during both the efiective and recovery phases
of the asymmetrical beat cycle. Moreover, the directional sensi-
tivity and temporal responsiveness of motile cilia to mechanical
stimuli have been explored in only a few cases”'%%. Finally,
the continuous nature of the ciliary beat cycle has hindered
investigation of the ‘switch point hypothesis’ in which doublet
sliding is assumed to be activated sequentially on the two halves
of the axoneme to produce bends in opposite directions'®. Here
we report that macrocilia’® on the ctenophore Beroé beat
discontinuously with separate effective and recovery strokes,
resulting in ‘split-cycle’ waves of metachronal coordination.
This new pattern of ciliary beating is used to investigate the
motile responses of cilia to controlled mechanical stimuli during
each phase of the beat cycle.

Macrocilia are thick cylindrical organelles found in a dense
band around the inner margin of the lips of beroid ctenophores.
A single macrocilium is 35~40 wm long and ~5 pm in diameter,
and consists of ~2,500 ciliary axonemes cross-linked to one
another and surrounded by a common membrane®’. Macrocilia
beat in a planar ciliary type of pattern with the effective (power)
stroke directed away from the mouth. Continuous activity is
rarely observed, but when this does occur the cilia beat at
3-5 Hz, with antiplectic metachronal waves sweeping in irregular
patterns towards the mouth at 250-300 ums™’.

More typically, macrocilia exhibit an intermittent type of
activity termed split-cycle coordination (Fig. 1). At any instant,
most of the macrocilia lie at rest at an angle of about 30° to
the lip surface with their distal ends overlapping and pointing
away from the mouth in the position reached at the end of the
effective stroke. Split cycle waves begin at irregular intervals
along the aboral edge of the band when a few macrocilia initiate
recovery stroke bends towards the mouth. These distally propa-
gated flexions impinge directly on overlying cilia in the oral
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direction, lifting them upward and stimulating them into similar
activity, which in turn excites their neighbours further orally.
A wave of recovery strokes thus travels towards the mouth in a
distinct tract, usually 10-20 cilia wide (Fig. la-c, a’—'). The
recovery wavefront, which represents the packed distal ends of
the unrolling cilia, advances slowly at a speed of 50+6.5 ums™'
(n =12). The recovery stroke wave usually broadens as it
spreads orally, giving the tract a fan-shaped appearance. The
macrocilia do not perform an effective stroke immediately, but
remain frozen in a sigmoid posture at the end of the recovery
stroke for a short time interval. Passage of a recovery wave
through a field of resting macrocilia thus leaves a sharply
delineated swath of cilia pointing in the opposite, upstream
direction.

After a brief time delay, each macrocilium performs an effec-
tive stroke and completes the beat cycle before returning to
rest. The time interval between the end of the recovery stroke
and the onset of the power stroke ranges from
11£1.5sto 13+ 1.6 s (n =28). Although the first cilia to per-
form an effective stroke are near the aboral end of the tract, a
wave of power strokes does not proceed uniformly towards the
mouth. Instead, slight variations in the latency between the
recovery and effective strokes cause the power stroke to be
initiated independently at various locations along the tract, but
generally in an aboral-oral sequence. If a macrocilium which
makes an effective stroke hits recovery-pointing cilia down-
stream before they beat spontaneously, these cilia respond by
an active power stroke. A wave of effective strokes, usually only
a few macrocilia wide, then propagates in an aboral direction
for a short distance, ending at cilia further downstream which
have already performed their effective stroke (Fig. 14, e, d’,
e'). The velocity of the effective stroke waves is
175£56 pms™ (n=17), or about four times faster than the
recovery waves, reflecting the greater angular velocity and closer
mechanical coupling between cilia in the effective stroke. After
completing the effective stroke, all the macrocilia once again lie
at rest pointing away from the mouth, erasing all signs of the
original recovery stroke tract (Fig. 1f, f'). The band of macrocilia
is usually covered with many such tracts of split-cycle waves,
each acting independently of one another. That this novel pat-
tern of ciliary coordination is not an artefact of excised lip
preparations is shown by the presence of split-cycle waves in
macrocilia of intact whole baby Beroé (1-2 mm long) viewed
by Nomarski microscopy.

To investigate the mechanosensitivity of macrocilia further,
controlled mechanical stimuli were applied to the cilia at differ-
ent stages in the beat cycle using fine glass needles operated by
a micromanipulator. When resting macrocilia are lifted away
from the body surface by a micro-needle pushed in the oral
direction, a wave of recovery strokes is initiated which propa-
gates towards the mouth at a velocity of 5511 ums ™' (n=7)
(Fig. 2), similar to the speed of naturally occurring recovery
waves. The cilia remain in a sigmoid flexion at the end of the
recovery stroke for a short time, and then perform effective
strokes as described above. Movement of the micro-needle in
the opposite (aboral) direction across the tips of resting
macrocilia does not stimulate recovery strokes. Pressing resting
macrocilia down against the epithelial surface with a needle
stopped the propagation of recovery waves which had begun
spontaneously on the aboral side of the needle, further showing
that recovery stroke waves are coordinated by viscomechanical
coupling between the cilia.

When the tip of a macrocilium temporarily arrested at the
end of the recovery stroke is deflected 5-10 um in the aboral
direction by a micro-needle, a single effective stroke may be
induced (Fig. 3). The time course of responsiveness to
mechanical stimuli was investigated by applying repetitive dis-
placements in the aboral direction to the distal ends of small
groups of recovery-pointing cilia, starting 3-5 s after the end of
the recovery stroke. In one case, mechanical stimuli delivered
at 2-s intervals did not elicit effective strokes until 9 s following
the preceding recovery stroke. In another example, a micro-
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Fig. 1 Face view of field of macrocilia showing sequence of split cycle coordination (Zeiss Nomarski optics, prints from cine film at 2.0-,
3.4-, 8.2-, 0.8- and 5.5-s intervals). a’—f', Diagrams of corresponding stages viewed in profile. a— and a’—¢’, Recovery stroke wavefront
(RS) advancing in an aboral-oral direction (A-O axis), from reader’s left to right. Resting macrocilia lie at the end of the effective stroke
pointing away from the mouth, and are lifted away from the surface by recovery bends of their neighbours aborally, thereby stimulating a
wave of recovery strokes which propagates in the oral direction (RS arrows, a’—’). Macrocilia behind the wavefront remain arrested in a
sigmoid flexion at the end of the recovery stroke, leaving a swath of recovery-pointing cilia surrounded by effective-pointing cilia (a—). A
particle (arrows, a—c) is displaced a short distance in the oral direction by the passing wavefront. d, d’, Initiation of the effective stroke after
variable time delays at different places along the RS tract, but generally in an aboral-oral sequence. d, Most macrocilia on the left side of the
tract have completed a power stroke, but those to the right of the particle (arrow) are still doing so. d’, Macrocilia on the left are performing
an effective stroke (ES arrow) in an aboral-oral sequence; macrocilium on right (ES arrow) initiates an effective stroke prematurely. e, Most
macrocilia have now performed a power stroke, pushing the particle (arrow) further to the left. e’, The premature power stroke by the
macrocilium on the right has triggered a wave of effective strokes in macrocilia aboral to it, but this ES wave travels only a short distance to
the left before meeting cilia downstream which have already performed a power stroke. f, f', All macrocilia in the tract have completed an
effective stroke and lie at rest pointing away from the mouth, erasing all signs of the original recovery stroke wave. The particle (arrow, f)
has undergone a net displacement to the left (compare with position in a) in the direction of the power stroke. Lips of Beroé cucumis were
excised and mounted in a slide chamber filled with seawater or MgCl,—seawater (1:1) to relax muscles. Scale bar (a~f), 50 pm.
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Fig. 2 Mechanical stimulation of a recovery stroke wave in rest-
ing macrocilia. Macrocilia are viewed in profile on a thin slice of
lip by Nomarski optics. a, Before stimulation with a glass needle
(N), macrocilia lie over one another pointing in the aboral direction
(A-O, aboral-oral axis). b, Displacement of several macrocilia to
the right (arrow) triggers recovery bends in the oral direction. ¢—f,
A wave of recovery strokes propagates towards the mouth (arrows)
as cilia in the oral direction are successively pushed upward by
their neighbours aborally and stimulated to perform a recovery
stroke. Macrocilia remain arrested in a sigmoid posture at the end
of the recovery stroke for a brief time before initiating an effective
stroke (not shown). Prints from cine film at 0.63-s intervals. Scale
bar, 25 pm.

needle driven by a piezoelectric probe®' was used to deliver
10-p.m displacements (0.08 s excursion time) at 1-s intervals to
the tips of recovery-pointing macrocilia. No response occurred
for 6 s following the recovery stroke; a stimulus at 7 s induced
some cilia to perform a power stroke, and the next stimulus at
8 s triggered a few more cilia to do so. The remaining cilia were
not activated to perform an effective stroke until 12 s after their
recovery stroke.

Therefore, macrocilia arrested at the end of their recovery
stroke show a variable period of insensitivity to mechanical
stimuli before responding by an active power stroke. This refrac-
tory period ends before the cilia perform an effective stroke
spontaneously. The motile response of other cilia to mechanical
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Fig. 3 Mechanical stimulation of the effective stroke in a single
recovery-pointing macrocilium. a, Micro-needle (black cross-
section) is positioned behind the distal end of a macrocilium
arrested for the preceding 12.6 s at the end of the recovery stroke
(after the refractory period to mechanical stimuli has ended). b,
The tip of the macrocilium is deflected 5~6 pm in the aboral
direction (to reader’s left) by the micro-needle. c—e, Initiation of
a power stroke in the aboral direction. Tracings from cine film at
0.08-s intervals.

stimulation, excluding arrest responses’®, is usually a complete
beat cycle’1%*11*17 The effectiveness of the stimulus is a func-
tion of its direction in some cases'®!*, but not apparently in
others'”. In contrast, the immediate response of macrocilia to
mechanical stimulation is either an effective stroke or a recovery
stroke, but not both. The direction of the active bending
response of macrocilia corresponds to the direction of the
stimulus. As bending in opposite directions is thought to result
from activation of doublet sliding alternately in two halves of
the axoneme'®"??, our findings indicate that either set of micro-
tubules can be activated independently by mechanical stimuli
applied in the direction of force generation.

A unique feature of the beat cycle of macrocilia is the existence
of two different arrest positions, one at the end of the effective
stroke and the other at the end of the recovery stroke. The
resting phase at the end of the effective stroke is of indeterminate
duration, lasting until mechanical stimuli trigger a recovery
stroke. The pause at the end of the recovery stroke, on the
other hand, has a rather constant period which ends spon-
taneously without external triggering, indicating an intrinsic
timing device for activating sliding at the start of the effective
stroke. This timing mechanism shows a refractory period during
which the mechanosensitivity of the motile elements is reduced
or lost. These results support the presence of two distinct switch-
ing mechanisms for activation of doublet sliding on opposite
sides of the axoneme during a single beat cycle'®*? and provide
an advantageous system for experimental dissection of the con-
trol of microtubule sliding in cilia.

In split-cycle coordination, the recovery stroke waves and
effective stroke waves travel in opposite directions, but in the
same direction as their respective bending movements (Fig. 1).
This provides a clear demonstration of the mechanical coordina-
tion of ciliary movement5 2. In addition, there observations
show that mechanical coupling between responsive cilia can
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occur during both the effective and recovery strokes, indicating
that metachronism results from continuous mechanical interac-
tion throughout the beat cycle®?3,

Intermittent ciliary activity with resting phases following the
end of each effective stroke (but with a continuous beat cycle)
is also observed in rabbit tracheal and frog palate cilia, and
seems to be an adaptation for mucus and particle transport?*,
The compounding of several thousand axonemes into a single
macrocilium?® would be expected to increase the stiffness and
active bending moment of the organelle, allowing Beroé to
engulf prey larger than itself, or to bite off pieces'®?*. The single
membrane surrounding each macrocilium, together with the
extensive cross-linking of adjacent axonemes, may serve to
prevent the organelle from fraying apart during the mechanical
stresses associated with prey ingestion.

This work was supported by the NIH (grant GM 27903).
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Correction of cell-cell communication
defect by introduction
of a protein kinase into mutant cells

Erik C. Wiener & Werner R. Loewenstein

Department of Physiology and Biophysics, University of Miami
School of Medicine, PO Box 016430, Miami, Florida 33101, USA

The cell-to-cell permeability of the junctions of various cultured
mammnalian cell types depends on the concentration of intracel-
lular cyclic AMP ([cAMP];). The permeability rises when the
cells are supplied with exogenous cyclic AMP or when their
cyclic AMP synthesis is stimulated with choleragen or hor-
mones; it falls when [cAMP]; is lowered by application of serum
or due to increase in cell density'~>. The rise and fall in permea-
bility take several hours to develop (the rise is protein synthesis-
dependent) and they occur concurrently with the rise and fall
in the number of intramembrane particles of the gap junc-
tions*, which probably embody the cell-to-cell channels. Is
this permeability regulation mediated by phosphorylating pro-
tein kinase? In many eukaryotes, the cyclic AMP receptor is a
protein kinase®® consisting of a pair of regulatory subunits and
a pair of catalytic subunits. The latter dissociate from the
holoenzyme as the cyclic AMP binds to the regulatory subunits
and, in this dissociated form, catalyse the phosphorylation of
the target’. The regulatory subunit occurs in two isoenzyme
forms, I and II. The catalytic subunit seems invariant’; subunits
from different isoenzymes can substitute for each other'®!.
We show here that a mutant cell lacking the isoenzyme I is
deficient in permeable junctions, and that this junctional defect
is corrected when the mutant is supplied with exogenous
catalytic subunit.
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Chinese hamster ovary cells (wild-type clone 10001, mutant
10260 (I") and mutant 10215 (II"), isolated in single-step
selection'?, were given by Dr M. Gottesman. Mutant I” has no
protein kinase type I and has little of type II; mutant 1I™ has no
protein kinase II and has type I (but this type I has a reduced
cyclic AMP sensitivity'? and the cell’s endogenous cyclic AMP
concentration is higher than in the wild cell). All three types of
cells attached and spread on the culture dishes, establishing
close contacts as seen by phase contrast microscopy. Junctional
permeability was probed in single-layer cell cultures with car-
boxyfluorescein (molecular weight (MW) 376) and with
glutamic acid labelled with lissamine rhodamine B (LRB-Glu,
MW 688). We microinjected these fluorescent tracers into the
cells and determined for each individually injected cell the
incidence of permeable first-order interfaces, that is, the propor-
tion of fluorescent cells among the cells contiguous to the injec-
ted one (Fig. 1). This incidence is a convenient index of changes
in junctional permeability, and a particularly sensitive one when
the probing molecule is close to detection threshold for junction
permeation*. All comparisons were done at equal cell densities.
For statistical analysis of differences we used the nonparametric
Mann—Whitney U method.

Figure 2 gives the mean incidences of permeable interfaces
in the three cell types for various density conditions. Mutant I~
had a significantly smaller incidence than the wild-type cell in
all conditions (P < 0.0005). The difference between the inciden-
ces was most striking with the LRB-Glu probe, as this larger
and more negatively charged molecule was close to the detection
threshold of junction-permeation in mutant I~ (Fig. 2¢, d; see
also the example in Fig. 1). But even the probings with carboxy-
fluorescein, well above detection threshold, showed a clear
difference (P <0.0005) (Fig. 2a, b).

The junctional deficiency and its relation to the enzyme muta-
tion is further demonstrated by clonal analysis of revertants.
The I” mutation was generally stable'?. However, after growing
for several months, a few cultures slowly developed higher base
levels of junctional permeability; they seemed to be reverting

Fig. 1 Junctional probings with LRB-Glu in wild-type (a) and
mutant [~ cultures (b). This probe is close to the detection threshold
for junction permeation and therefore is a sensitive indicator of
changes in junctional permeability. The injected cell in each cluster
is marked by x; the cells contiguous to it are numbered. Left, phase
contrast (the injection micropipette is seen in the top part of the
cell); right, fluorescence darkfield. Scale bar, 40 oM. The cells
were grown and probed in HAM’s F-12 medium with 10% fetal
calf serum in plastic dishes (Falcon). They were fed three times
weekly, with the last feeding 18 h before experiments, and passaged
just before confluency. The last passage was at least 18 h before
experiments. For preparation and purification of LRB-Glu, see
ref. 20; for steric limits of the cell—cell channel, see ref. 21.
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