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single row of projections which point toward one another,
forming an arch (Figs. 7-11). The midfilament in comb plate
cilia thus provides a convenient marker for distinguishing one
side of the central pair from the other, and allows us to
determine whether or not the central pair rotates during ciliary
reversal.

Relation between Axonemal Structures and
Beat Direction

To determine whether the orientation of the central pair or
the outer doublets is correlated with beat direction, the ori-
entation of the axonemal markers was compared in cross
sections through plates “frozen” at known stages of the beat
cycle in forward- vs. backward-swimming Pleurobrachia larvae
(Figs. 8 vs. 9, 10 vs. 11). Sections through plates fixed at
different stages of the beat cycle (i.e., effective vs. recovery
strokes) in forward- and backward-swimming larvae were also
examined. In addition, cross sections at different levels from
base to tip of the plates were compared (Figs. 8 vs. 10, 9 vs.
11). In contrast to protozoan cilia, the relatively large size and
wide spacing of the comb plates allowed direct visualization of
the direction and location of bend regions in flat-embedded
cilia that were subsequently cross-sectioned.

We found that the axis of the central pair is always perpen-
dicular to the plane of bending regardless of () the direction
of effective stroke, (b) the stage of the beat cycle, (¢) the level
from base to tip along the cilia, and (d) whether actively
bending vs. straight regions of the plate are examined.

In addition, longitudinal sections were cut through distally
propagated recovery stroke bends (Fig. 12), and though the
sharply bent region at the base of resting and recovery stroke
plates (Fig. 2). Longitudinal sections through the center of the
axoneme and parallel to the bend direction show only one
tubule of the central pair (Figs. 2 and 12). This confirms that
the two central tubules are aligned on a plane perpendicular,
not parallel, to the direction of bending. These findings contra-
dict those of Omoto and Kung (37) on Paramecium cilia, but
agree with most other studies of central-pair orientation in
protozoan (53) and metazoan cilia (1, 11, 13, 14, 21).

More importantly, we found no change in orientation of the
compartmenting lamellae or the midfilament with respect to
the aboral-oral axis in forward- vs. backward-swimming larvae
(Figs. 8 and 10 vs. 9 and 11). During both normal and reversed
beating, doublet 1 (i.e., the three-doublet compartment) and
the midfilament lie on the oral side of the cilia. This finding
holds true from base to tip of the comb plates, and in bent as
well as in straight regions of the cilia. Therefore, the effective
stroke is directed toward doublets 5 and 6 and away from the
midfilament during normal beating, but toward doublet 1 and
the midfilament during ciliary reversal (Fig. 7).

These results show that the Ca™™ dependent 180° reversal in
beat direction is not accompanied by a corresponding rotation
of the central pair or of the assembly of outer doublets. Thus,
the pattern of doublet sliding must be regulated around the

axoneme, but the control mechanism does not involve rotation
of the central-pair microtubules (see Discussion).

Our findings also correct a minor error made in previous
studies on ctenophore comb plates. We consistently found that
doublet 1 faces the oral side of the cilia in both larval and adult
comb plates of Pleurobrachia and Mnemiopsis, regardless of the
fixation method used. Afzelius (1) reported that doublet 1 lies
on the aboral side of comb plate cilia in adult Mnemiopsis, so
that the normal effective stroke is directed toward doublet 1.
This result, later adopted by Horridge (22), was probably due
to an error in specimen or section orientation (B. A. Afzelius,
personal communication).

Ciliary Reversal in Adult Ctenophores

We have made preliminary observations which reveal that
adult ctenophores are also capable of ciliary reversal responses.
For example, mature Pleurobrachia are sometimes observed to
swim backward for a brief time, indicating a temporary ciliary
reversal. However, we were unable to induce backward loco-
motion by high-K* seawater, which triggers reversed beating
in Pleurobrachia larvae. Increasing the Ca**-concentration of
seawater to 50 mM, on the other hand, does stimulate ciliary
reversal in adult Pleurobrachia.

Similarly, we found that high KCl concentrations do not
cause backward swimming in adult Mnemiopsis, but elevated
Ca*™ levels (i.e., 50 mM) do trigger reversed beating, as in
larvae of this species (see above). In addition, high-speed
cinemicrography of Lampea pancerina, performed aboard the
R. V. Oceanus, shows that high-K" seawater triggers ciliary
reversal in this ctenophore from the open ocean. At present we
do not understand the reason for the differences between
species, and between larval vs. adult Pleurobrachia in the ion-
sensitivity of their reversal responses.

Recently, we documented a localized pattern of ciliary re-
versal that occurs during the feeding response of adult Pleuro-
brachia (50, 52). After catching copepods with one of the long
tentacles, the two comb rows adjacent to the food-capturing
tentacle temporarily beat in the reversed direction at a high
frequency, sweeping the food toward the mouth. This unilateral
ciliary reversal is apparently triggered by nervous stimuli from
the tentacles (52), and provides a useful system for investigating
the neural control of ciliary beat direction.

DISCUSSION
Ciliary Reversal in Metazoa

Changes in the direction of ciliary beating occur commonly
in protozoa, as avoidance responses to unfavorable stimuli (33).
These directional responses are typically graded with the inten-
sity of the stimulus, and are evident not only by changes in the
path of swimming, but by direct visualization of the cilia
themselves (28, 53).

Reports of ciliary reversal in multicellular animals are much
rarer, and rely on indirect indicators such as backward swim-

FIGURE 8 Cross section midway along the length of a comb plate fixed in tate effective stroke from a forward-swimming
Pleurobrachia larva. Doublet 1 (i.e., the three-doublet side of the cilia) and the midfilament (arrowheads) uniformly face in the
oral direction (a-o), opposite to the direction of the effective stroke {es). X 82,400.

FIGURE 9 Cross section midway along the length of a comb plate fixed at the beginning of the effective stroke from a backward-
swimming larva. Doublet 1 (three-doublet side) and the midfilament (arrowheads) still face orally, as in Fig. 8, but now point in

the same direction as the effective stroke (es). X 82,400.
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ming and changes in direction of particle transport or water
currents (2). In no case has reversal in the direction of the
effective stroke been visualized directly in any metazoan sys-
tem, and alternative explanations have not been ruled out in
certain cases (2). In ctenophores, reversal in the beat direction
of comb plates has been claimed by some workers, but denied
by others (cf. reference 52 for review). Although indirect and
contradictory, these reports strongly suggest that under certain
conditions—not clearly defined—ciliary reversal can occur in
ctenophores.

By devising ionic conditions under which ciliary reversal is
consistently and reproducibly obtained in ctenophore larvae,
and by carefully documenting this response with high-speed
cinemicrography, we have directly demonstrated the phenom-
enon of ciliary reversal in ctenophores—and in metazoa—for
the first time. By so doing, we have been able to use the unique
features of comb plate cilia to analyze the structural control of
ciliary bend direction.

Ca**-Dependence of Directional and
Frequency Responses

Ion substitution and blocking experiments show that external
Ca™* is required for KCl-induced reversal of beat direction in
Pleurobrachia larvae. Presumably, Ca*" activates the ciliary
reversal mechanism itself, as in Paramecium (8, 10, 26, 29, 34).
The direct involvement of Ca*" is now being tested by deter-
mining the effects of Ca*™ on the beat direction of ATP-
reactivated, demembranated comb plates (S. L. Tamm. In
preparation).

In addition, Ca™ may also be necessary for synaptic trig-
gering of reversal, because the comb plate cells are innervated
(Fig. 2). In adult ctenophores, the nervous system is thought to
mediate both inhibitory and excitatory responses of comb
plates, as well as unilateral ciliary reversal which occurs during
feeding of Pleurobrachia (52; see above). The possible role of
neurociliary synapses in triggering the global ciliary reversal of
larvae is currently under investigation.

The close association between ciliary reversal and increased
beat frequency, together with the even greater beat frequency
caused by high Ca™ concentrations (Table I), indicate that
Ca** regulates both parameters of ciliary activity in Pleurobra-
chia larvae. Under certain conditions, however, the directional
and frequency responses of comb plates become uncoupled. In
high-K* ASW, for example, ciliary reversal lasts only 3—5 min,
but the increase in beat frequency persists for a longer time.
Raising the Mg*™ concentration of high-K™ ASW causes an
increased beat frequency without an accompanying ciliary
reversal. Similarly, an increase in beat frequency and speed of
forward swimming can be elicited by mechanical stimulation
of the tentacles (52).

Therefore, the directional and frequency responses may have
different thresholds and/or sensitivities to Ca*" concentration.
High Mg*" concentrations presumably compete with external
Ca™™, thereby decreasing the Ca** influx into comb plate cells

and reducing the internal free Ca™" concentration. This possi-
bility suggests that beat frequency, but not ciliary reversal, may
have a bimodal dependence on intracellular Ca** concentra-
tion, with frequency maxima occurring at both low and high
Ca™™ concentrations. A similar bimodal relation between beat
frequency and internal Ca™" concentration has been proposed
to explain the frequency responses of living and demembra-
nated Paramecium (10, 29, 30, 34).

The ionic basis of the reversal response in Mnemiopsis larvae
has not yet been investigated. Nor is it known why increased
concentrations of KCI do not stimulate ciliary reversal in this
ctenophore, as in Pleurobrachia larvae. However, the ability to
induce reversed beating in Mnemiopsis by an increase in exter-
nal Ca** concentration indicates that ciliary reversal in this
species is also controlled by Ca*™.

Evidence for a Radial Switching Mechanism
in Cilia

Because of the single polarity of active sliding between
microtubule doublets (40), most investigators assume that beat
direction is regulated by some type of switching mechanism
that activates or changes the effectiveness of doublet sliding
around the axoneme (5, 7, 29, 36, 37, 39, 40, 44, 53, 55).

Such a regulatory mechanism has been invoked to explain
differentiation of the beat cycle into effective and recovery
strokes, as well as angular shifts in the orientation of the entire
cycle during ciliary reversal. The role of Ca*" in the former
case is problematical: intracellular free Ca** concentration
does not appear to change during the normal beat cycle. On
the other hand, Wais-Steider and Satir (55) have reported that
there are two different switching mechanisms in gill cilia, with
the switch at the end of the recovery stroke being Ca™*-
sensitive. Because Ca*" has clearly been shown to determine
the direction of the beat cycle (8, 10, 26, 29, 34), a switching
mechanism controlling ciliary reversal must be Ca*™ depend-
ent, and is probably distinct from that governing the transition
between effective and recovery phases.

Regardless of the number and kinds of switching mecha-
nisms postulated, an obvious prediction of this type of regula-
tion is that the assembly of outer doublets should not rotate
with bend direction. This simple prediction has never been
demonstrated heretofore. To the contrary, Gibbons (14) re-
ported a systematic twisting of the outer doublets and central
pair in sea urchin sperm, suggesting that the doublets twist
with respect to the plane of bending in different regions of the
flagellum. Woolley (60) found that the plane of each successive
bending cycle of golden hamster sperm tails twists as it prog-
resses along the flagellum, and suggested that a twisted-plane
wave form containing no twist in the axoneme itself would, if
artifactually flattened, give Gibbon’s results. Holwill et al. (19)
recently reinterpreted Satir’s (42) results on Elliptio cilia to
support a model incorporating axonemal twist during a three-
dimensional recovery stroke.

Our earlier work on Opalina showed that the shifts in central-

FIGURE 10  Cross section through the base of a comb plate in mid-to-late effective stroke from a forward-swimming Pleurobrachia
larva. The orientation of the outer doublets and midfilament (arrowheads) with respect to the direction of effective stroke (es) and

the aboral-oral axis (a-o) is the same as in Fig. 8. X 82,400.

FIGURE 11

Cross section through the base of a comb plate at the beginning of the effective stroke from a backward-swimming

larva. The orientation of the outer doublets and midfilament (arrowheads) with respect to beat direction (es) and the aboral-oral

axis (a-o) is the same as in Fig. 9. X 82,400.
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pair orientation that accompany changes in beat direction also
occur near the base of the cilia (53). Because neither rotation
of the basal bodies nor a great degree of doublet twisting within
a very short basal segment of the cilia seemed likely to us, we
inferred that only the central pair, not the entire 9 + 2, rotates
with beat direction. Omoto and Kung (37) did not find a large
amount of axonemal twisting just above the basal body in
Paramecium cilia; however, they reported that limited twisting
of the outer doublets and central pair does occur, but in
opposite senses, leading them also to rule out rotation of the
whole axoneme during beating. Nevertheless, the lack of struc-
tural markers for numbering the doublet microtubules in pro-
tozoan cilia prevented a conclusive answer to this question.

We have overcome this difficulty by using the compart-
menting lamellae of comb plate cilia as markers for specific
doublets. We found that the array of outer doublets does not
twist during the effective and recovery phases of the planar
beat cycle, nor does it rotate during Ca*’-dependent 180°
reversals in beat direction.

Therefore, reversal of the direction of beating, as well as
transitions from effective to recovery strokes, must involve
changes in activation or effectiveness of doublet sliding on
opposite sides of the axoneme. This finding is direct evidence
for a radial switching mechanism regulating doublet sliding in
cilia.

Active or Passive Role of the Central Pair?

A major result of this paper concerns the nature of the
switching mechanism that controls the direction of the ciliary
effective stroke. A regulatory role for the central pair micro-
tubules was first suggested by earlier studies on metazoan cilia
with a fixed direction of beat. In general, these studies showed
that the direction of the effective stroke was perpendicular to
the axis of the central pair (1, 11, 13, 21).

Tamm and Horridge (53) tested the validity of this relation-
ship by applying instantancous fixation to Opalina cilia that
can change their direction of beating. They found that the
central pair was always perpendicular to the plane of bending
at any level along the cilium, regardless of 90° changes in the
direction of beat, and also during the three-dimensional recov-
ery stroke. This correlation clearly showed that the orientation
of the central pair is related to the plane of bending but left
unanswered the problem of causal relations. That is, the “angle
of the central fibers could be the cause [of the direction of beat]
... which by its rotation releases the bending forces sequentially

. or rotation of the central pair could equally well be a
consequence of the bending” (53). Because the directional
responses of protozoan cilia are usually <180°, the results were
consistent with either an active or a passive role of the central
pair (Fig. 13).

Recently, Omoto and Kung (36, 37) have extended these
observations to show that the central pair near the base of
Paramecium cilia also undergoes beat-dependent changes in
orientation, and may in fact rotate 360° during each beat cycle.
Although these authors did not relate central pair orientation
to bend direction during specific parts of the beat cycle, they

reported that the central pair as seen in longitudinal sections
was parallel, not perpendicular, to the plane of bending, and
thus could not be passively twisted by the motion of the cilium.
However, because the cilia in these sections were not identified
with respect to stage in the beat cycle or part of the metachronal
wave, it could not be directly ascertained that they truly
represented instantaneous images of active bends (as in Fig.
12).

Nevertheless, it was argued that rotation of the central pair,
rather than being a passive process, may be an active one, at
least in certain parts of the beat cycle, and that the orientation
of the central pair determines the pattern of active sliding
around the axoneme (36, 37).

The ctenophore ciliary reversal system has allowed a direct
test of the active role of the central pair in regulating doublet
sliding, without the ambiguities associated with correlative
studies on protozoan cilia (Fig. 13). The planar beat cycle,
ultrastructural markers, and 180° reversal response of comb
plates permits the relation between central pair orientation and
bend direction to be analyzed on a causal basis for the first
time (Fig. 134 and b). In comb plate cilia, as in most other
cilia, the axis of the central pair is always perpendicular to the
plane of bending. We reasoned that if the orientation of the
central pair actively controls the direction of beating, then it
should rotate 180° when the direction of the effective stroke is
reversed 180° (Fig. 134). If, however, the orientation of the
central pair determines the plane of bending or only represents
a passive mechanical response to bending, then it should not
rotate during a 180° reversal in beat direction (Fig. 135). In
contrast, the possible central-pair orientations during the
graded shifts in beat direction of protozoan cilia do not offer
as conclusive a test for deciding cause-effect relations (Fig. 13 ¢
and d).

We found that the central pair does not rotate during Ca™*-
dependent ciliary reversal of comb plates. Therefore, the ori-
entation of the central pair does not regulate the direction of
ciliary beating in ctenophores. That is, rotation of the central
pair is not the switching mechanism that signals the sequence
of doublet sliding around the axoneme. We cannot rule out the
possibility that the central pair determines the plane of bending
in comb plate cilia, with some other process specifying which
direction within this plane. However, such a mechanism seems
unnecessarily complex. It seems more likely that Ca™ acts
directly on the dynein arms themselves, or on the resistive
elements which convert sliding into bending, rather than on an
intermediary step such as rotation of the central pair. The
functional target of Ca*™ in the axoneme is now being inves-
tigated by examining the effects of Ca™ on the pattern of
ATP-induced tubule extrusion in trypsin-treated comb plate
cilia (S. L. Tamm. In preparation). We also found that the
central pair does not rotate during the transition between
effective and recovery strokes. The orientation of the central
pair therefore does not appear to be involved in regulating
alternate-side force generation during a single beat cycle.

These findings are relevant to the problem of asymmetry in
the bend patterns of cilia and flagella. Because neither the

FIGURE 12 Longitudinal section through a distally propagated recovery-stroke bend in a comb plate from a forward-swimming
larva. The profile of only one tubule of the central pair is visible in sections through the center of the axoneme (arrowheads). The
plane of the central pair is therefore perpendicular to the direction of active bending (see Fig. 2). X 39,100. /nset: tracing of a low
magnification micrograph of the proximal part of the plate, showing the location of the bend region (rectangle) illustrated at high

magnification.
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FIGURE 13 Functional significance of possible orientations of the central-pair microtubules during 180° (a and b) vs. graded (¢
and d) directional responses of cilia. The normal plane of the effective stroke is shown by the white cilium and arrow in each
diagram; the angular shift in this plane during reversal (dashed arrow) is indicated by the black cilium and arrow. The only
constraint on the central pair is that its axis always remains perpendicular to the plane of effective stroke (see also reference 53).
The recovery stroke is not considered here. An ultrastructural marker is used to define one side of the central pair (arrow in ciliary
cross sections; see also references 36 and 37). For 180° ciliary reversals typical of ctenophore comb plates (a and b), a corresponding
180° rotation of the central pair (a) would indicate an active response controlling bend direction, whereas no rotation of the
central pair (b) would rule out this possibility. We found the latter to be true. For graded reversals found in protozoan cilia (c and
d), rotation of the central pair so as to coincide with beat direction (¢) would be consistent with an active or a passive response,
and therefore not be conclusive for deciding cause-effect relations; however, rotation of the central pair in the opposite direction
(d) would rule out an active process. It is not known whether c or d is true for protozoan cilia.

outer doublet assembly nor the central pair rotates when the
beat cycle is reversed, the asymmetric form of ciliary beating—
i.e., the effective and recovery strokes—cannot be due to the
bilateral asymmetry of the outer doublet array or to structural
asymmetries built into the central pair-central sheath complex.
This result argues against the view that central sheath asym-
metry is responsible for asymmetric bending in Chlamydo-
monas flagella (3). Instead, the form of beat must also be
governed by a switching mechanism (55), but with an ionic
sensitivity different from that controlling the direction of beat.

What, then, is the functional significance of the beat-de-
pendent changes in central pair orientation observed in proto-
zoan cilia (36, 37, 53)? Until it is shown conclusively that these
changes represent rotation of the central pair alone, and am-
biguities concerning the relation between the axis of the central
pair and bend direction are resolved, an active role of the
central pair in regulating beat direction in protozoan cilia must
remain doubtful. We believe that our conclusions on cteno-
phore cilia with a two-dimensional beat cycle also hold for
protozoan cilia with three-dimensional beat cycles. In both

508  THE JouRNAL OF CELL BIOLOGY + VOLUME 89, 1981

cases, the direction of active bending at any level within the
axoneme must be regulated, and it seems unlikely that the
basic mechanism controlling dynein arm activity or resistive
shear interaction would be different, depending on whether the
overall motion of the organelle takes place in two or three
dimensions. The advantage of analyzing a two-dimensional
case such as ctenophore comb plates is that it allows an
investigation of causal relations.
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