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ABSTRACT A detailed analysis is made of the motion and the forces in the cilium
of Sabellaria over the complete cycle. The results indicate that the stiffness of the
cilium is directly related to the moments produced by the internal contractile ele-
ments. A sliding filament model is developed to generate the complete cycle of
motion. The activation of the force-producing elements, the peripheral fibers, occurs
over their entire length at once during the effective stroke. In the recovery stroke
the sliding of peripheral fibers relative to each other produces activation. The
peripheral fibers contribute to the stiffness of the cilium in the sliding filament
model only when they are not free to slide because of cross-linkage. The model
describes successfully the motion of a variety of types of cilia.

INTRODUCTION

In recent years much attention has been focused on the contractile events in cilia
and flagella (for a review, see Miller, 1968). The same basic structure of nine
peripheral longitudinal fibers, running the entire length of both these organelles,
has been found with the electron microscope (see Fawcett, 1966). A pair of fibers
runs along the central axis of flagella and cilia in practically all species.

Each of the nine peripheral fibers consists of a double tubule. At regular intervals
of 170 A along the length of each peripheral fiber a pair of “arms” extends in the
direction of the adjacent fiber. Gibbons (1963) has shown that these arms, termed
“dynein,”” have ATPase activity. Dynein is therefore generally assumed to be the
force-producing molecule in cilia and flagella.

Satir (1965, 1968) has proposed that the forces in cilia and flagella are produced
by a sliding filament mechanism, in analogy to striated muscle. The dyneins are
assumed to form cross bridges between adjacent peripheral fibers. The occurrence of
such a mechanism has recently conclusively been shown by Summers and Gibbons
(1971) to occur in these structures.

The function of the central fibers remains a mystery until now. One apparent
question is how the contractility, that is the formation of cross bridges, is coor-
dinated. To produce the observed motion in cilia and flagella, forces have to be
developed in the right sequence in time and at the right location. Where the same
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structure and chemistry is found in both these organelles, one expects the same
basic principles to apply to the coordination of contractility in both.

Most work has been done on flagella. Because flagellar motion appears harmonic
in time, periodic solutions for theoretical models are allowed, which simplifies the
analysis. Several models have been developed (Brokaw, 1972 a; Lubliner and Blum,
1971, 1972; Rikmenspoel, 1971) which will be related in the Discussion of this paper.

For cilia detailed observations have become available recently (Sleigh, 1968).
These observations show a large variety in motion of cilia of different species.

In this paper a detailed analysis is carried out of the motion and the forces in the
cilium of Sabellaria. The results are used to develop a model for the coordination of
the force-producing events in it. The model is then tested for its ability to describe
other types of ciliary motion. A comparison with the models for flagella is also
made. A preliminary publication of some of the results of this paper has been made
recently (Rikmenspoel and Rudd, 1972).

LIST OF SYMBOLS

a Radius of cylindrical cilium.

b Exponent.

c Radius of cylindrical disk.

D Density of dynein molecules per centimeter in axoneme.
Dy Density of dyneins per centimeter at base of cilium.
d Thickness of a plate.

F Viscous drag force.

LE D Fraction of dyneins activated at time ¢, location £.
Sotts fors(t) Fraction of dyneins activated for effective stroke.
JSreos Jreo(£, ©)  Fraction of dyneins activated for recovery stroke.
IE, IE(s) Stiffness of cilium, at location s.

IE¢ivers Stiffness contribution of peripheral fibers to total stiffness.

IE . Stiffness contribution of matrix and membrane material.

IE,.(s) Stiffness contribution of peripheral fibers to total stiffness during recovery
stroke.

ie, ie,,m , S T . .

1etibare ame as capitalized symbols, but valid for single axoneme.

K Viscous drag of a disk.

k Drag coefficient of cilium per unit length.

ky Viscous drag coefficient for normal motion.

kr Viscous drag coefficient for tangential motion.

kviso Drag coefficient per unit length due to viscous forces only.

L Length of a cilium.

M Symbolic expression for viscous moment.

M, Active moment due to contractile forces.

Mg Active moment for effective stroke.

Mg Elastic bending moment.

M, Active moment for recovery stroke.

Mg Moment due to viscous resistance of cilium.

m, Active moment produced by one dynein molecule.
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Active moment at base (s = 0), at time ¢.

Number of component axonemes of a cilium.

Number of equations in iteration procedure.

Exponent.

The Reynolds number.

Straight distance between locations s and £ on cilium.
Projection of r,: on x and y axis, respectively.

Location on cilium, arc length to base.

Point of maximum curvature during recovery stroke.

Length interval, As = L/n.

Length over which stiffness due to peripheral fibers is averaged.
Time.

Time during which activation signal for effective stroke is present.
Time length of iteration step.

Beginning of recovery stroke.

Characteristic velocity, to be used in the Reynolds number.
Velocity of displacement of segment d of cilium.

Tangential and normal component of V;

Projection of V'r on x and y axis, respectively.

Projection of ¥y on x and y axis, respectively.

Velocity at which the bend during the recovery stroke travels over cilium.
Cartesian coordinate normal to cell surface.

Cartesian coordinate tangential to cell surface.

Dimensionless arc length coordinate: z = s/L.

Dimensionless parameter, to account for difference in drag coefficient in
effective and recovery stroke.

Length of bend section during recovery stroke.

Viscosity of medium.

Angle with x axis, at location s.

Angle with x axis of cilium at point of implantation.

Value of @ at end of ith length interval.

Value of 8, at time ¢ and ¢ + At, respectively.

Wavelength.

Micron.

Kinematic viscosity.

Running coordinate, in arc length.

Radius of curvature.

Density of dynein molecules as function of location, normalized to o(0) = 1.
Decay time of activation in effective stroke.

Decay time of dynein attachment in recovery stroke.

Running coordinate, in arc length.

Running coordinate, in arc length.

EXPERIMENTAL DATA

A full cycle of the motion of the cilium of Sabellaria is shown in Fig. 1, taken from
Rikmenspoel and Sleigh (1970). The effective stroke of the cilium (0-24 ms) is
shown at 3-ms intervals, the recovery stroke (24-60 ms) at 6-ms intervals.

The cycle shown in Fig. 1 had been chosen as being representative for the motion
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Viscous Moment

of this type of cilium. The tracing of the positions of the cilium from the cinemicro-
graphs was done with an accuracy equivalent to a fraction of a micron in the prepa-
ration. At the point of implantation of the cilium the image on the cinemicrographs
was less clear due to the optical effects of the cell surface. The angle of implantation
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Ficure 1 Complete cycle of the cilium on the dorsal gill of Sabellaria. The effective stroke
is shown at 3-ms intervals, the recovery stroke at 6-ms intervals (reprinted from J. Theor.

Biol. 28:81).
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FiGURE 2 (A) Viscous moments on the cilium in Fig. 1 at three locations on the cilium,
during the cycle (reprinted from J. Theor. Biol. 28:81). (B) Viscous moment in the period

3-9 ms plotted as a function of location on the cilium.
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could therefore not be read from the films to an accuracy of better than several
degrees.

The Sabellaria cilium is a compound of 25-30 cilia, each having a 9 4 2 structure.
No structures have been found that bind the component cilia to each other (Sleigh,
1962). This phenomenon of many components moving together as a unit, without
any apparent structure holding the assembly together, is a general property of com-
pound cilia (Sleigh, 1962).

In an earlier paper (Rikmenspoel and Sleigh, 1970) small amplitude elastic
theory (under neglect of active, contractile forces) was applied to this compound
cilium. From this analysis an estimate of the stiffness during the recovery stroke of
(2 1) X 107 dyn cm® was reported.

The moments due to the viscous resistance of the cilium were calculated by
Rikmenspoel and Sleigh (1970). Fig. 2 shows the results. The data presented in
Fig. 1 and Fig. 2 form the basis for the analysis applied to the Sabellaria cilium in
this paper. More or less schematic descriptions of cilia of Paramecium, Stentor,
and Jorunna, from Sleigh (1962, 1968) and a detailed description of the “comb
plate” compound cilium of Pleurobrachia (Sleigh and Jarman, 1973) are shown in
Figs. 20-23, in the section Other Types of Ciliary Motion.

EQUATION OF MOTION

In a cilium with active internal force-producing elements the moments due to the
elasticity M. and due to the contractility M, are at any time balanced by the
viscous moment M., :

Mel+th=Mvi.sc~ (1)

For cilia it is essential, as Fig. 1 shows, to use large amplitude algebra in evaluat-
ing the terms in Eq. 1. Fig. 3 illustrates the coordinate system used, in which s is
the independent variable, and ¢ the dependent one. Normal cartesian coordinates
are found from x = [ cos8(s) dsand y = [ sind(s) ds. The sign conventions which
we used (positive = counterclockwise) are shown in Fig. 3.

The exact expression for the elastic moment becomes

Mi=1EL - £Y, (2)
p as
where IE is the stiffness of the cilium (E is the elasticity modulus of the material,
I is the second-order moment of the cross section) and p is the radius of curvature
of the cilium at s.

To the viscous moment at s, all segments of the cilium distal to s contribute. A
segment dg, located at £ moving with velocity V;, has a drag force F = —k V; d§,
where k is the drag coefficient. With a lever r,; (see Fig. 3) the moment dM (¢) due
to segment df is:

dM(¢) = —k(Ve X 1) d.
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FiGure 3 Coordinate system used in evaluating the terms of the equation of motion.

Since the drag coefficient for tangential motion is one-half of that for motion
normal to the axis (Hancock, 1955), it is necessary to decompose V¢ and r,; as
shown in Fig. 3 and

AMyi0o(8) = —{(keV7 + kxVi)re + (keV7 + kxVi)rs} dg,

where ky = k and kr = 15 k.

With 7, = [icos 8(t) df, V7 = cos 0(¢) Ji—sin 0(x)[30(x)/01]) dx, V¥ =
—sinf(¢) §—sin 6(x) [96(x)/317] dx and analogous expressions for rr, V¥,
and ¥y, the complete expression for dM,;,,(¢) becomes:

AM ua(8) = 1Y sin 6(8) cos 0(6) [ sin 0G0 2 gy ["cos o(e) g
+ feos’ 08) + ¥ sin*0(®)) [ COSG(x)de [ cosoe) ez
+ tsin® 0(6) + 35 cos’0(8)} [ sin 0) ® ay [*simo(s) ot

3 sin 0(¢) cos 0(¢) [ cos 0() XX )dx f sino() dsldg. (3)

The total viscous moment at s is

Moiu(s) = [ aMoun(®), (4)

where L is the length of the cilium. The complicated expression for M., given in
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Eqgs. 3 and 4 can be written symbolically as

M, = kM (36/9t, cos 6, sin 8). - (5)

The internal, active moment M, (s, ¢) produced by the contractile elements we
shall leave unspecified for the time being. The complete equation of motion thus
becomes:

IE(38/3s) + My (s, t) = kM(060/dt, cos 6, sin 8). (6)

Eq. 6 can be easily iterated in time by converting it into a system of linear equa-
tions. If we divide the length of the cilium into n segments As, with L = nAs, the
position of the cilium at time ¢ is defined by 8;' (i = 0, 1, 2, - - -, n). For the elastic
term at i we can write for the iteration step from ¢ to ¢ + At:

A
60«."+ ¢

rraniie IE(03" — 6334285 (i = 1,2, «++ ,n — 1). (7)

1E

The symbolic expression for the viscous moment at i, M,, becomes

M; = MJ(6;'"*" — 6,)/At, cos 65, sin 8,°],
(G=0,1,2,m),(i=12-,n—1). (8)

Trapezoidal rule was used to evaluate the integrals of Eqs. 3 and 4.

For an iteration in time the values for all 6’s at time ¢ are known. Substitution of
Eqgs. 7 and 8 into Eq. 6 yields, after sorting out the terms, » — 1 linear equations in
6/ (i=1,2, -+, n). .

The viscous moment vanishes at the free end according to Eq. 4. The active con-
tractile moment also vanishes at the free end, since the contractile peripheral fibers
vanish a few microns before reaching the tip of the cilium (Satir, 1965). Therefore
36/8s = 0 (s = L). With the aid of (30/ds)(s = L) = (86/3s)(s = L — As) +
(3%/8s5°)As (s = L — As), we find as the nth equation:

3ont+At — 4ou_lt+At + 0”_2¢+At — 0. (9)

Eqgs. 7 and 9 both refer to the elastic term in Eq. 6. It is essential to write the
(unknown) value of 6 at time ¢ 4+ At in these equations, not the (known) value at
t. In this latter case the iteration procedure quickly diverges. This can be understood
as using the “bending resistance” of the cilium, instead of the ‘“‘bending moment.”

At the point of attachment of the cilium (i = 0) the values of 8, were measured
from Fig. 1, and inserted as known values in the set of simultaneous equations. This
corresponds to treating the cilium as being clamped at the base.

The technique described above was programmed for a Univac 1108 computer.
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‘When using 16 equations (n = 16) the time required for one iteration step was about
1s. With n = 32 one iteration took approximately 7 s. The iteration procedure con-
verged for an indefinite number of iterations. The motion of the model cilium was
found to be independent of the number of segments used, or the length Atz of the
time interval, within rather large limits. An iteration technique somewhat similar to
the one described above was used by Brokaw (1972 a) for an analysis of flagellar
motion.

ITERATION IN TIME FOR SABELLARIA

The Sabellaria cilium shown in Fig. 1 has a length L = 32 ym. The iteration pro-
cedure was performed with n = 16, giving a length interval As = 2 um. As time
interval we chose At = 1 ms. This means that everywhere, except at the tip of the
cilium at the beginning of the cycle, the motion per iteration is less than As.

The value of 6, was read from Fig. 1 and plotted vs. time. The curve drawn
through the plotted points was approximated as 6y = 0 (¢ = 0-12 ms), 6, = —0.5
[1 —cos{(t — 0.024)/200}] (¢ = 12-24 ms), 6, = —0.5 (¢t = 25-50ms), 8 = —0.5
+ 60 (z — 0.050) (t = 51-54 ms).

During the recovery stroke (24-60 ms) the Sabellaria cilium has a wavelike
shape. In that case the viscous drag coefficient for normal motion is given by Gray
and Hancock (1955) as

41y
k= g3 + In (a/2%)° (10)
With 9 = 1 cP, the radius of the cross section of the compound cilium ¢ = 0.5 um
(Sleigh, 1962) and taking for X\ twice the length of the bent section (A &~ 12 um),
the value for k becomes k = 0.037 dyn cm ™ s. The same value for k was used in the
earlier paper on the Sabellaria cilium.
During the effective stroke the cilium may more properly be considered as a rod
moving perpendicular to its axis. For that case, the drag coefficient for normal
motion is given by (Lamb, 1952)

4y

k_0.5—7—1n(Va/4v)’ (1)
where v = 0.577 is the constant of Euler, V is the velocity of the rod, and » is the
kinematic viscosity of the medium. If we take as characteristic value for ¥ the
value haifway along the cilium during the active stroke, then ¥ = 0.17 cm/s.

With » = 1 cSt, the value derived from Eq. 11is k = 0.015 dyn cm™’s.
In the effective stroke the cilium is bent, however. The motion is also not per-
pendicular to its axis, but angular. No hydrodynamic theory has been developed
which describes this type of motion. Consequently we do not really know what the
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drag coefficient during the effective stroke is, except that from Eq. 11 we may expect
it to be lower than during the recovery phase.

In the absence of a more precise knowledge of the drag coefficient we have carried
out the analysis with a fixed drag coefficient k = 0.037 dyn cm ™’ s. In Eq. 6 we ob-
serve that k acts as a proportionality constant for all of the moments. With the
fixed value of k = 0.037 dyn cm ™ s the values for the stiffness and the active moments
to be derived for the effective stroke may therefore all be systematically too high.
We shall come back to this question in the section Contractile Model.

Effective Stroke (0-24 ms)

It can be seen in Fig. 2 A that during the effective stroke the viscous moment varies
in time in the same way at different points of the cilium. The elastic moment should
be small during most of the effective stroke (3-15 ms), since the cilium is only
little curved. The active moment should, therefore, not be much different from the
viscous one (compare Eq. 6), and it is logical to write

M. = m(t)(1—s/L)". (12)

From Fig. 2 B we have taken p = 1.75.

For the iteration procedure we have taken as starting position the position of
the cilium at 7 = 0. When a moment of the form of Eq. 12 is applied to the cilium
the first calculation showed that the movement of the tip of the cilium is mainly
determined by the magnitude of the moment, and that the shape acquired by the
cilium is mainly dependent on the stiffness.

Fig. 1 shows that for = 3-12 ms, the velocity of the tip of the cilium is approxi-
mately constant at 3.4 um/ms. This tip velocity can be reproduced in our computed
model with a value for the moment at the base, m(z) of Eq. 12, of approximately
4 X 10~ dyn cm.

At values of the stiffness IE less than 107 dyn cm® no meaningful results were
obtained as the matrix of the set of linear equations proved to be too near singular.
With JE > 6 X 10" dyn cm’ the model cilium was clearly showing too little curva-
ture.

With these initial observations of the separate effects of the magnitude of the
moment and of the stifiness and with the above determinations of the approximate
range of m(t) and IE, further quantitation was possible. In all calculations reported
below we have let the magnitude of the active moment in the period 0-3 ms rise
proportionally with time from 0 to its constant value for 3-9 ms (compare Fig. 7). In
this initial period of the effective stroke application of the full active moment resulted
in a velocity of the tip of the cilium at 0-3 ms which was about twice too high. Ap-
parently the active moment requires a few milliseconds to develop fully. Because
of this effect we have not used the 3 ms position to evaluate the active moment, but
the positions at 6 and 9 ms.
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Fig. 4 shows computed positions of the cilium at 6 ms at various values of the
active moment. It can be seen in Fig. 4 that the radius of curvature p at the place of
maximal bending of the cilium is only little dependent on the active moment. At a
value of m(t) = 3.8 X 10™° dyn cm the best representation of the 6, 9, and 12 ms
positions is obtained (Fig. 9). This value is about 20% lower than that obtained
from extrapolation of the data shown in Fig. 2 B to s = 0. In view of the crude way
in which Fig. 2 had been calculated, we can consider the two values to be satis-
factorily close.

To determine IE we have used the value of the maximal curvature on the com-
puted cilium. Fig. 5 illustrates that with m(¢) = 3.8 X 10~° dyn cm, the position of
the tip of the cilium at 6 ms varies by only a few microns if the stiffness is varied by a
factor of 5. The minimal radius of curvature p occurring on the computed cilium at
3, 6, and 9 ms is shown in Fig. 6 as a function of the stiffness JE. The values for p at
3, 6, and 9 ms measured from Fig. 1 are shown as the open circles in Fig. 6. At 3
ms the computed value of p depends little on IE; probably the “memory” of the
sharp bend at # = 0 is still dominant at 3 ms. We have therefore not included p at
3 ms in the determination of IE. The values of p at 6 and 9 ms give a stiff-
ness IE = 3 X 107 dyn cm® (rounded off because of the uncertainty in the drag
coefficient ).
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Ficure 4 Computed positions at 6 ms with a constant stiffness of 3 X 10~ dyn cm? for
three different values of the active moment. The insert table shows the radius of curvature
(pmin) at the point of maximal bending (indicated by the open circles) for the three different
values of the active moment.

Ficure 5 Computed positions of the cilium at 6 ms for three different values of the stiff-
ness IE. The magnitude of the active moment at the base was 3.8 X 102 dyn cm in all three
cases. The circles indicate the location on the computed positions where the curvature was
maximal.
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FIGURE 6 Radius of curvature p, at the place of maximal curvature, of the computed posi-
tions at 3, 6, and 9 ms as a function of the stiffness IE. The active moment at the base was
3.8 X 1078 dyn cm in all cases. The circles indicate the value for p measured from the data in
Fig. 1.

FIGURE 7 Variation in time of the magnitude of the active moment at the base. The area
under the three different curves in the period 0-24 ms is the same.

When the iteration is continued beyond 9 ms, with the values m(z) = 3.8 X 10~
dyn cm and JE = 3 X 107 dyn cm’, the tip of the cilium moves too fast in the
latter parts of the effective stroke (20-24 ms). Obviously the active moment is
reduced in that period, as suggested already in Fig. 2. We have found, however, that
to attain a position at 24 ms in which the distal part of the cilium is parallel to the
y axis, it is not important how m(¢) varies with time as long as [ m (¢) dz has the
correct value. This is illustrated in Fig. 7, where the three different variations with
time of m(¢) all give a position at 24 ms which is practically identical within plotting
accuracy.

The dotted line in Fig. 8 shows the computed position at 24 ms, obtained with
m(t) varying as in Fig. 7. If we compare the computed position at 24 ms in Fig. 8
with the observed one in Fig. 1, we see first that the curvature in the proximal part
of the computed position is too small. This indicates that the stiffness of the model
cilium in the latter part of the effective stroke was too big. Indeed, we have found that
the correct value of the curvature at 24 ms can be obtained if the stiffness for ¢t > 12
ms is gradually reduced. The amount of reduction is not critical. If the stiffness for
t > 12 ms is reduced linearly with time, the correct curvature can be obtained when
the stiffness at 24 ms has been brought down to (0.4-0.15) times the original value
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FiGURE 8 Computed positions at 24 ms. The dashed line was obtained with a constant
stiffness at all times of 3 X 10~ dyn cm®. The continuous line was obtained with a reduced
stiffness in the latter part of the effective stroke (15-24 ms) and an amount of recovery
active moment present as indicated in the inset (see text).

of 3 X 107 dyn cm’®. This is compatible, for the dashed and the dashed-dotted
lines in Fig. 7, with the stiffness of the model cilium being taken proportional
to m(¢).

Secondly, we observe in Fig. 8 that the proximal part of the model does not
move out to the right as far as it should according to Fig. 1. This implies that extra
active moment of negative sign (see Fig. 3) is present in the proximal part. Ap-
parently the recovery stroke has started before the termination of the effective
stroke. This overlap of the two phases has been noted before by Sleigh (1968). It is
also indicated by the fact that the angle of implantation (8,) of the observed cilium
starts to change at 12 ms, well before the end of the effective stroke.

If a small amount of negative active moment (moments of negative sign we
will call M,..) is added as shown in the top of Fig. 8, the computed movement to the
right is close to the observed one. The solid line in Fig. 8 gives the computed position
at 24 ms, obtained with m(¢) varying as the dash-dot curve in Fig. 7, with the
stiffness varying proportional to m(t), and with M., as shown in Fig. 8.

The total effective stroke at 3-ms intervals, computed as related in the preceding
paragraph, is given in Fig. 9. Comparing Figs. 9 and 1 we see that the general ap-
pearance of the observed effective stroke is rather well reproduced in the model.
The “spacing” of the consecutive positions, as indicated by the tip of the cilium,
is more regular in the model. At 24 ms, the movement to the right of the proximal
part is about 1 pm to little. Both these deviations are undoubtedly caused by the
too simple approximations of M,,, and My, .

We also see, however, that from 12 to 24 ms the observed cilium has a clear curva-
ture near the tip, which is absent for the model. This indicates that the stiffness in the
distal part is reduced, and that our assumption of a constant IE along the cilium
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Ficure 9 Computed effective stroke at 3-ms intervals. The variation of the active moment
and stiffness with time is explained in the text.

was an oversimplification. It should be noted that a stiffness which reduces towards
the tip of the cilium (where the movements are smaller) ties in well with our find-
ings of the variation of the stiffness (and moments) with time. In the section Con-
tractile Model for Cilia we shall indeed see that a variation of the stiffness along the
cilium can give improvement of the representation of the distal part.

We have tried to see whether a different value of the constant p of Eq. 12, which
has been held constant at p = 1.75 could give the same or a better representation
of the active stroke. Our findings were that when p is significantly lower than 1.75,
the distal part of the cilium bends over in the “forward’ direction, especially in the
latter part of effective stroke, which is contrary to the observation. When p > 1.75
the distal part of the cilium in the early phase (0-9 ms) lags, and a pronounced in-
flection develops in the cilium in the latter part of the effective stroke (15-21 ms).
A detailed presentation of these results does not seem to be warranted. It appears,
however, that our choice of p = 1.75 gives the best overall results.

Recovery Stroke (24-54 ms)

As Fig. 2 indicates, the viscous moment during the recovery stroke (24-54 ms)
changes differently with time at different locations on the flagellum. We cannot
assume that the elastic moments in the cilium are small compared with the viscous
one, because a strong curvature occurs on the cilium. For these reasons we are not
justified in taking the viscous moment of Fig. 2 as a guiding value for the active
moment, and the separation of the time and space dependency of the active
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MREC at 48ms

moment, as done in Eq. 12 for the effective stroke, is also not possible for the re-
covery phase.

The only conclusion we can draw from Fig. 2 is that the magnitude of the active
moments at 24-54 ms is below 10~° dyn cm. A search for the active moments and
the stiffness that will produce a motion as seen during the recovery stroke is largely a
question of trial and error. We describe below the main results of our calculations.
Most of the trials giving negative results will be mentioned only briefly.

Whenever negative active moment is applied, during the recovery phase, beyond
the sharply bent section of the cilium, it is found that the distal part shows motion
upward, perpendicular to the ciliary axis. Fig. 1 shows quite clearly that the distal
part of the cilium has in fact only axial motion for # > 30 ms. We can conclude
therefore that beyond the bent portion in the recovery stroke no active moment is
developed. ‘

During the recovery stroke the radius of curvature in the bent portion of the
cilium is practically constant at 4 um. If the stiffness of the model cilium during the
recovery stroke is taken to be greater than 3 X 107 dyn cm’, the radius of curvature
is at no time smaller than 5 um. When the stiffness is taken to be less than 107
dyn cm’, no meaningful results are obtained.

When we restrict ourselves during the recovery stroke to a stiffness IE., =
(2.5 +1.5) X 107 dyn cm®, and an active moment M., which vanishes distal to
the point at which the observed cilium of Fig. 1 has maximal bending, the iteration
procedure leads to positions that have resemblance to the actual ones. The shape of
the computed recovery stroke proves to be very sensitive to the form of M., used.
This is illustrated in Fig. 10. The active moments used in Fig. 10 were My =
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Ficure 10 Computed recovery strokes for two different shapes of the active moment. The
stiffness was constant along the cilium in these computations.
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m(1 — s/5,)", where s, is the point of maximal curvature on the real cilium of Fig. 1;
b = 1.75in Fig. 10 A, and b = 0.75 in Fig. 10 B.

The shape of the two computed recovery strokes in Fig. 10 is quite different. One
common property is, however, that the position of the bend travels much slower than
in the real cilium. At 54 ms s,, the “end point” of M, , is at 4 um from the tip,
much ahead of the bend in the models. After extensive trials we have concluded that
no shape of M,.. will give a recovery stroke which rolls off at the proper velocity.

However, when the stiffness of the cilium proximal to s, is taken to be three to five
times the stiffness of the part distal to s, , recovery strokes can be computed which
do roll off with the right velocity. The shape of the model cilium during the recovery
stroke, with IE... varying along s, remains very sensitive to the form of the active
M. It is not much dependent, however, on the factor by which the stiffness prox-
imally to s, has been increased.

Once this observation had been made it was rather simple, though tedious, work
to find by iteration the moments and stiffness which gave the best approximation for
the recovery stroke. A constant value at all times for /E... distally to s, of 1.8 X 10"
dyn cm® was used. This gave approximately the correct value (p ~ 4 um) for the
maximal curvature. The form of M., was approximated by straight segments.

Fig. 11 shows the best result obtained in the iteration procedure. The values by
which IE,.. was to be increased proximally for optimal results are listed in Table 1.
The extensive trials done with variations of the form of M,.. lead us to believe that

o
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FiGURE 11 Iterated recovery stroke. The stiffness of the part of the cilium proximal to the
point of maximal bending was taken to be 3-3.5 times that of the distal portion (Table I). The
active moments at various times are shown in the top part of the figure.
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TABLE 1

FACTOR BY WHICH STIFFNESS PROXIMAL TO BEND WAS INCREASED, DURING
ITERATION OF RECOVERY STROKE

Time, ms 24-30 30-36 36-42 42-48 48-54
IE  oxima
Ratio i@” : 3.0 3.0 3.5 3.5 3.0
distal

only moments which closely resemble those shown in the top part of Fig. 11 will
lead to the correct recovery stroke.

Close comparison of the computed recovery stroke of Fig. 11 and the data of
Fig. 1 shows that in the bent portion of the cilium the curvature in Fig. 1 is constant
over the bend, whereas in Fig. 11 the proximal part of the curve has less curvature
than the distal part. This reflects the abrupt change in stiffness which we used in the
calculations. In a real cilium the change in stiffness is therefore probably more
gradual.

CONTRACTILE MODEL FOR CILIARY MOTION

In this section we want to develop a model for the contractile coordination in cilia
which can in a simple way generate the complete cycle of motion. Summarizing the
results of the iteration procedure of the preceding section, we can say that the
model should comprise: (@) a stiffness of the cilium which is related to the amount
of active moment, (b) an active moment during the effective stroke which is de-
veloped in phase over the entire length of the cilium, (c) activation of the contractile
elements during the recovery stroke which is initiated by the bend in the cilium, and
(d) an explanation for the different shapes of the active moments developed during
the effective and the recovery stroke.

As mentioned in the Introduction, each of the approximately 30 components of
which the compound Sabellaria cilium is made up, shows in the electron microscope
nine peripheral doublet fibers with a pair of single fibers in the center. Fig. 12 A
shows a cross section (after Afzelius, 1959) of this structure. Summers and Gibbons
(1971) have shown experimentally the occurrence of a “sliding filament”” mechanism
between adjacent peripheral fibers. This can be visualized as in Fig. 12 B, where the
dyneins form cross bridges between adjacent fibers. The important property of a
sliding filament mechanism is that the force-producing elements (myosin in muscle,
dyneins in cilia or flagella) are arranged in parallel. The forces produced by the
dyneins (or myosins) are summed along the fiber. It has been reported before
(Rikmenspoel, 1971) that in sea urchin sperm flagella the active moments can be
explained by this summing over the entire length of the fibers.

In the effective and in the recovery stroke of cilia the active moments are al-
ternately of positive and negative direction. It has been generally assumed that the
peripheral fibers on one side and on the other side are alternately activated to produce
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FIGURE 12 (A) Cross sections of two axonemes. The nine peripheral fibers, each consisting
of a double tubule with projecting dynein arms are clearly visible. The central pair of fibers
is also shown (courtesy of Dr. B. Afzelius). (B) Diagrammatic presentation of a sliding
filament mechanism in cilia (reprinted from Biophys. J. 11:456).

the required forces. We will proceed here taking this assumption to be correct.
The Sabellaria cilium is made up of 25-30 components, each of which has the struc-
ture depicted in Fig. 12 A. We will take the number of components to be 30 in all
of our calculations below.

Effective Stroke

Within 3 ms after the onset of the effective stroke the full active moment is de-
veloped over the entire length of the cilium. If all the dyneins on the fibers at the side
which powers the effective stroke are activated, the moment is given by

M.i(s) = m. Dy fL o(s) ds, (13)

where m, is the moment produced by one dynein molecule, D, is the density of
dynein molecules per unit length of the cilium at the base (s = 0), and ¢ (s) is the
distribution of dyneins along the cilium, normalized to that at the base.

We do not know the nature of the signal that triggers the activation of the effec-
tive stroke. It has been shown (Rikmenspoel and Sleigh, 1970) that a mechanical
impulse could not travel the length of the cilium within the 3 ms during which the
active moment rises from zero to full intensity. Probably an electrical or chemical
signal is involved (compare the review by Kinosita and Murakami, 1967). We shall
not speculate on this, however, because the present work cannot reveal anything
about these signals.
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At the base (s = 0) of the Sabellaria cilium, with 30 components each having
four fibers activated in the effective stroke, the density of the dynein molecules (with
a pair on each fiber at 170 A interval) is D, = 1.41 X 10° dyneins/cm.

The Sabellaria cilium, when viewed under the microscope, is tapered towards the
tip." This means that some of the axonemes present at the base terminate before the
end of the cilium. The density o(s) of dynein molecules is therefore not uniform
along the cilium. From Eq. 13 we find with Eq. 12

(dM/ds) « o(s) = (1 — s/L)"™.

The diameter of the cilium, as it appears under the microscope, is proportional to
a(s)" or diam « (I — s/L)"*. Fig. 13 shows the shape of M., o(s), and the
diameter of the cilium. Unfortunately no data exist in the literature on the change of
diameter of this cilium along its length. We have noted, however, that the profile
for the diameter of Fig. 13 resembles the profile for the morphologically somewhat
similar cilium of Mytilus, published by Baba and Hiramoto (1970). To obtain an
active moment at the base (s = 0) of 3.8 X 10~° dyn cm, requires from Eq. 13,
with the above values for D, and ¢ (s), a moment per dynein molecule m. = 1.5 X
107" dyn cm.

For the flagellum of sea urchin sperm one of us has found from small amplitude
analysis of the wave motion a value of the active moment at the proximal end of 1.8 X
107° dyn cm (Rikmenspoel, 1971). The same mechanism as in the Sabellaria cilium,
the activation of the fibers over their entire length was proposed for these flagella.
Where these sperm flagella consist of a single axoneme (9 + 2 fibers), a(s) = 1
and D, = 4.7 X 10° dyneins/cm. This corresponds for sea urchin sperm to a value
of m, = 1 X 107 dyn cm. The closeness of the values for m, for these different
structures and obtained with different analyses gives confidence that the basic
assumptions in both cases are correct.

According to Fig. 7 full activation is maintained in the Sabellaria cilium for a
period #,.. of approximately 15 ms, after which it decays. Fig. 7 shows that at 24
ms part of the active moment is still intact. In the data of Fig. 1 we also observe that
in the real cilium a downward movement of the tip persists after 24 ms, which in-
dicates that the active moment of the effective stroke does not abruptly vanish at 24
ms. This suggests an exponential decay of the active moment, with decay time 7o .
The expression for the active moment thus becomes

L

Mesi(s, 1) = fu(t)m, Dy f ‘ o(t) de

K

Il

fur(t) =1 (1 < taet)
ﬁ-ff(r> = exp {_(, - r:\('t)/‘rl'ff} (, > Im't)~ ( 14)

! Private communication by Dr. M. A. Sleigh.
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FiGURE 13 (A) Shape of active moment along the length of the cilium during the initial
phase of the effective stroke (3-12 ms) of Sabellaria. (B) Distribution o(s) of dynein mole-
cules on the Sabellaria cilium, as derived from the shape of the active moment. The most
distal 2 um of the cilium are assumed to be inert. (C) Diameter of the compound cilium
corresponding to the distribution of dyneins shown. For further explanation see text.

7ert can be interpreted as the kinetic constant for the loosening of the dynein attach-
ment. It may also represent the decay of the activating signal, however.

The iteration procedure of the preceding section has shown that the stiffness of the
Sabellaria cilium decreases with the active moment. It is lowest in the distal part of
the cilium during the recovery stroke. We take this lowest value, where the dyneins
are apparently not attached, to represent the elasticity of the matrix material of the
cilium and the membranes: IEn,, = 1.8 X 107 dyn cm’.

When the dyneins are attached, the peripheral fibers are not free to slide, and the
fibers then contribute to the stiffness. We can thus write

IE(S, t) = IE. .« + IEﬁbmf(t)O' (S), (15)

where IE;ivers Tepresents the stiffness at the base (s = 0) due to the peripheral fibers.
The value for the total stiffness at the base (s = 0) of the cilium, during the begin-
ning of the effective stroke, IE = 3 X 107** dyn cm®, gives from Eq. 15 IEqibers =
2.8 X 107 dyn cm’.

The stiffness is a “local” property. The variation of the stiffness with time and
position on the cilium as expressed by Eq. 15 is an essential property of a sliding
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filament mechanism: where the fibers are free to slide, they do not contribute to the
stiffness, where dyneins bind them together they do contribute.

It should be noted also that the stiffness of the fibers of one component of the
Sabellaria cilium when fully activated (x£10™** dyn cm’) is close to the value for
the fibers of the sea urchin sperm flagellum, which has been reported as 0.6 X 107"
dyn cm® (Rikmenspoel, 1966) and 0.9 X 107" dyn cm® (Rikmenspoel, 1971).

The fact that the Sabellaria cilium, with 30 axonemes, appears approximately
30 times stiffer than the sea urchin sperm flagellum, which is a single axoneme,
shows that the component axonemes of Sabellaria are free to slide over each other
during bending. This sliding of the components of a compound cilium should not
be confused with the processes in a “sliding filament mechanism.” These latter
take place inside one component, between the peripheral fibers.

If the peripheral fibers are yielding to stretching under the influence of the forces
present, their stiffness contribution is not a strictly local property, but it is averaged
over a distance ds. In that case we can write

s+is

IE(S) t) = IEna + IEﬁbersf(t) j U(S) dS( 1/55). ( 16)

As was discussed above (see also Fig. 11) the iteration of the recovery stroke
indicated that the change in stiffness along the cilium is not abrupt. Our computer
program has in effect a ‘‘spacial resolution” of 2 um. We have therefore adopted
Eq. 16 as describing the stiffness in our calculations with a value of és > 2um.
Unless mentioned otherwise we have used 8s = As (= 2 pym for Sabellaria).

Recovery Stroke

We want the same contractile mechanism as used in the effective stroke to apply to
the recovery phase. Only the way activation of the contractile molecules is brought
about is different during the latter. The results of the iteration in the preceding
section clearly shows that contractile activation is induced by the traveling bend of
the cilium. This activation can be caused by a bend in the fibers or by sliding of the
fibers relative to each other. In Fig. 1, however, we observe that in the period 3648
ms a clear bend is present in the proximal part of the cilium, whereas there is no
motion there that is indicative of the development of a newly induced moment. We
believe therefore that the activation is caused by the sliding of filaments. This agrees
with the fact that sliding only occurs in the traveling bend in the more distal part of
the cilium, and not in the bend near the base.? The idea of activation by sliding of the
filaments has, in a different form, also been proposed in sea urchin sperm by Brokaw
(1972 a, b); this will be referred to in the section Discussion. The model of A. F.

11t is an entertaining experiment to try out by means of, for example, a telephone directory where
and when sliding occurs during the recovery stroke.
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Huxley (1957) for skeletal muscle also contains an actin-myosin binding which is
dependent on sliding.

We can exclude the possibility that tension in the fibers is the cause of an ‘“auto-
catalytic’’ activation. In the proximal 8 um of the cilium (Fig. 1) tension is present
but there is no indication of the new development of active moment at 36-48 ms.
Furthermore, when the fibers are not cross-linked, as in the distal part of the cilium,
bending does not result in (elastic) tension in the fibers.

If activation is caused by sliding, it will persist as long as sliding occurs. This is in
our present case as long as it takes the bend to pass over the location of the cilium
under consideration. After the bend has passed sliding and activation cease and
the dynein attachment will decay with a decay time r.. . We cannot a priori assume
that rre. = 7etr, because we do not know that 7.y is determined only by the kinetics
of the dynein-tubulin interaction. Later on we will indeed find that the shapes of
the Sabellaria cilium cannot be reproduced with 7re = 7est .

If the time at which the bend of the recovery stroke starts to develop is called #,,
we find from Fig. 1: %, = 12 ms. The velocity of the progression of the bend along
the cilium v = 650 um/s according to Fig. 1. At time ¢, activation of the contractile
process in the recovery stroke therefore starts at a location s, = v(t — &) from the
base. If the length of the bent section in which sliding occurs is called A, activation
terminates at the point v(¢ — %) — A from the base. From Fig. 1 we have taken
A~ 6.5 ym.

At a point ¢ on the cilium, at time ¢, we thus find for the activation fre (¢, £):

Sreol§,1) =0, Wt~ t) <E<L,
frec(gy t) = 1) V(t - to) —AKEL V(t - to),

Sreo(§, 1) = exp{—<t - to+£—_v—i‘)/m}, 0<t<vt—1t)—A (17)

During the recovery stroke the real drag coefficient is, as discussed above, probably
higher than in the effective stroke. Furthermore, we cannot a priori assume that
the activation by sliding in the recovery stroke has exactly the same intensity as the
activation by a signal in the effective stroke. In calculating active moments with the
activation given in Eq. 17 we have therefore multiplied the activation by a parameter
a, to be adjusted as necessary. For the model to be meaningful, we do require, how-
ever, that « be near unity (even though probably less than 1), and that it is not de-
pendent on s or ¢. The active moment for the recovery stroke becomes:

Mis(s, 1) = —am. Do f Feusl &, D)o(£) d, (18)

m,, Do, and o (£) are identical with those in the effective stroke.
When M. (s, t) as defined in Eq. 18 is calculated, its shape and magnitude do
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indeed resemble those shown in Fig. 11. Near the base the calculated shapes vary
with the value for 7... adopted. The total active moment, from Egs. 14 and 18 be-
comes

Maot(s, t) = Meff(s’ t) + Mm(ss t)-

The contribution of the peripheral fibers to the stifiness due to the recovery acti-
vation is
8-+ds

]Erec(s) t) = aIEiiber- frec(E, I)G'(E) d&( 1/53) ( 19)

It should be noted that the stiffness is an inherently positive quantity, and that Eq.
19 has no negative sign. The total stiffness is the sum of the expressions given in
Eqgs. 16 and 19.

APPLICATION OF THE MODEL TO SABELLARIA

When we apply the model developed above to generate the motion of the Sabellaria
cilium, the values of the decay times 7oy and 7, have to be determined. This can
only be done by investigating how the generated motion is dependent on these con-
stants.

The motion of the cilium computed with the model (see Fig. 17 below) does not
differ much from that obtained in the iteration procedure (Fig. 9) in the period
0-12 ms. Reduction of the stiffness towards the tip of the model results, according
to Fig. 17, in a somewhat better representation of the curvature near the tip at 9
and 12 ms (cf. Fig. 1).

Near the end of the effective stroke (¢ = 24 ms), the downward motion of the
distal part of the cilium depends on 7. . In the calculations reported below, we
have adjusted the time during which full activation persists (fat), such that for
every 7.ss the position at 24 ms was close to the one of Fig. 1. Fig. 14 B shows how
tyot varies with 7eg .

Fig. 14 A shows the position of the tip of the computed cilium in the period 18-30
ms as a function of 7 . It can be seen that when 7es > 7 ms too much overshoot of
the tip relative to its position at 24 ms is present. From Fig. 14 we have adopted a
value of 7t = 5 ms. For this value the match with the experimental positions is
almost perfect. The value of 7., has no influence on the results shown in Fig. 14,
At r = 30 ms the decay of contractility of the recovery stroke has nowhere started
yet.

Fig. 17 below shows the complete effective stroke computed with the model at
7ot = 5 mS. The representation of details such as the curvature 1n the distal part
in the latter period of the stroke (# > 12 ms) and the relative spacing of the con-
secutive positions is better than that obtained from the iteration procedure (Fig. 9),
and it is certainly as good as can be expected from a very simple model.
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FiGURE 14 (A) Path followed by the tip of the model cilium in the period 18-30 ms, com-
puted for various values of the decay time 7.+ of the contractile activity. (B) Value of the
activation time r,.; adopted as function of the decay time re¢: .

Recovery strokes (24—60 ms) which have a bend traveling at the correct:speed
are obtained with all values for 7., between 5 and 30 ms. The shape of cilium proves
to be very sensitive to the value of ., used.

In all calculations the value of the parameter « in Eq. 18 was adjusted so that the
envelope of the positions of the cilium in the latter period of the recovery stroke was
parallel to the y axis (compare Fig. 1). In practice the value of « varied from 0.5 at
Treo = SMS to @ = 0.4 at 1o, = 30 ms. When « is taken too big the envelope of the
recovery stroke will tip “downwards,” when « is too small the envelope will point
upwards. In the section Iteration in Time for Sabellaria, we have seen that the dif-
ference in drag coefficient between the effective and the recovery strokes could be
as much as a factor of two. The fact that & = (.5, without much variation for the
different 7..,’s, suggests therefore that « in Eqgs. 18 and 19 mainly corrects for the
change in drag coefficient and that the activation by sliding is approximately as in-
tense as the activation by signal during the effective stroke.

Fig. 15 shows two recovery strokes, computed with 7ree = 5 ms and 7z = 25 ms,
respectively. The distance of the horizontal part of the envelope of the stroke to the
cell surface (the y axis) is much too large at 7, = 5 ms. This can be understood as
being due to too fast a decay of the contractility near the base, with the result that
not enough moment is left to bend the cilium over.

The distance of the envelope of the recovery stroke from the cell surface (the
“roll off”” height) decreases when 71 is larger as shown in Fig. 16. For 1, > 15
ms the roll off height is 3-4 um, compatible with the data of Fig. 1.

The curvature in the bend on the cilium increases with the value of 7, . The curva-
ture is not constant along the bent section, but the maximum curvature which
occurs at the distal end of the bend, is for all values of ., approximately equivalent
toap = 4um.
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FiGure 17 Full cycle of the model Sabellaria cilium computed with 7e¢y = 5 ms and

Treo = 20 mMS.

The best shape of the recovery stroke is obtained with 7, = 20 ms. The complete
ciliary stroke computed with 7ot = 5 ms and 7ree = 20 ms is shown in Fig. 17. It is
somewhat difficult to define objective criteria by which a ‘best” shape can be
judged. However, the overall appearance of the computed recovery stroke of Fig.
17 gives a smoother impression than those obtained with different values for 7., and
illustrated in Fig. 15.

Figs. 18 and 19 give contour plots for the total active moment and for the stiffness
of the cilium during the complete cycle. The general characteristics of the moments
and stiffness, as a function of s and ¢, found in the section Iteration in Time for
Sabellaria are present in these contour plots. The strongly varying shape during the
cycle of the moment and of the stiffness indicates that analytic solutions for the
equation of motion for the case of cilia can be considered excluded.

The main deviation of the model cilium in Fig. 17 from the data of Fig. 1 is the
fact that during the recovery stroke the tip of the cilium moves at approximately 15
pm from the cell surface, instead of at approximately 11 um from it as in Fig. 1.
We have tried to get a better fit for the path of the tip of the cilium by varying the
value for the quantities involved in calculating the stiffness. The calculations were
started at r = 24 ms.

Variation of the value of IE,,; or IE;ine. of Eq. 16 by up to a factor of two smaller
results in a more “pointed” bend, increasing these values results in a recovery stroke
like the one shown in Fig. 15 B. Increasing és of Eq. 19 to up to 4 um has almost no
effect, when és > 6 um a more pointed bend is obtained. In all these cases the smooth
appearance of the computed recovery stroke is largely lost, and the motion of the
tip of the cilium remains at a distance of 14-15 um from the surface.
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" FiIGUure 18 Contour plot of the active moment developed in the model cilium during the full
cycle.

FiGure 19 Contour plot showing the stiffness of the model cilium as a function of location
on the cilium during the full cycle.

Variation of the form of ¢ (s) does not have much influence on the shape of the
recovery stroke up to ¢ & 45 ms. This is understandable because it is the density of
dyneins near the tip of the cilium which is mainly varied by changes in «(s), and
during most of the recovery stroke the distal part of the cilium is not activated. In

980 BiopHYsICAL JOURNAL VoLume 13 1973



the section Iteration in Time for Sabellaria it was already observed that the effective
stroke cannot be well represented with a different form of ¢ (s).

The deviations of the shape of the recovery stroke of the model are therefore not
due to errors in our estimates of stiffness and distribution of dynein molecules.
Since all of the above trials were unsuccessful a detailed presentation does not seem
warranted.

We have concluded from the above that the deviations from the data for the
recovery stroke are caused by a too great simplicity in the way the activation of the
contractile elements in the recovery stroke is prescribed in our model. The point at
which activation starts, see Eq. 17, is assumed to progress with a constant velocity
v = 650 um/s. A measurement from Fig. 1 shows (Rikmenspoel and Sleigh, 1970)
that v varies as the bend travels along the flagellum. The length of the bend during
which sliding, and therefore activation, occurs is taken to be constant in the model.
Fig. 1 indicates that this also is a simplification.

The correct formulation can only be obtained if after every iteration step the
locations where sliding begins and stops are calculated. This involves an evaluation
of the zero points of the expression

* 9] a0(p)

_,; 3 [7‘;‘] d¢ (20)
over the cilium. Accurate computation of the expression of Eq. 20 would require at
least a four times smaller length interval As than the one used (As = 2 um). Since
the computing time required for one iteration step increases with approximately
the third power of the number of length intervals, these calculations are not within
the capacity of our available computer. Even if such a refinement were feasible,

it is doubtful whether new insight would be obtained, as long as better expressions
for the drag coefficient at every stage of the ciliary cycle are not available.

OTHER TYPES OF CILIARY MOTION

The model developed above lends itself to application to the motion of cilia of other
species. To this end we shall consider again the equation of motion (Eq. 6), and
the model defined by Eqs. 14, 16-18. Since we have found that the components of the
compound Sabellaria cilium are free to slide over each other, the stiffness IE of a
compound can be written as JE = Nie where N is the number of component
axonemes (9 - 2 structures) and je is the stiffness of one axoneme.

For our model we find

s+3s
ie(s) = jematrix + ie!iben-/; af(E, 1)6(5) dE( l/6s)

Where iematrix = 6 X 107° dyn cm® and iefipers = 9.4 X 107 dyn cm’ are the stiffness
values for the matrix and peripheral fibers of one component. f (£, ¢) is forr (¢) from
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Eq. 14 for the effective stroke or fre (£, ¢) from Eq. 17 for the recovery stroke; a = 1
for the effective stroke and & = 0.5 for the recovery stroke.

If we rewrite the equation of motion in a dimensionless coordinate z = s/L (with
z varying from O to 1), the elastic term in Eq. 6 becomes

(N/L)ie(z) (86/9z). (21)

The active moment becomes

Mua(zy1) = NLm,D [ aft, 1)0(2) (22)

where D = 4.7 X 10° dyneins/cm is the density of dyneins for one component
axoneme.

The viscous moment written out in Eqgs. 3 and 4 is proportional to L*, and using
the notation of Eq. 5,

M, (2, t) = kL’M (36/01, cos 6, sin 8). (23)

The drag coefficient k in Eq. 23 varies with the number of components. According to
Eqgs. 10 and 11 we can expect this variation to be weak.

The terms of Eqs. 21-23 define the new equation of motion. In the sections in
which the model was developed we have learned that during the effective stroke the
stiffness term of Eq. 21 is smaller in magnitude than the active moment and the
viscous terms of Eq. 22 and 23. The latter two are therefore dominant in the equation
of motion and should be very roughly equal in the effective stroke.

The length of cilia and the number of component axonemes varies greatly for
various species, but the duration of the effective stroke is usually from 15 to 50
ms (Sleigh, 1968). We would from the rough equality of M, and M,;, in the
effective stroke, together with Egs. 22 and 23, therefore expect kL*/N to be a con-
stant for various cilia.

Table II lists the parameters for several ciliary structures, varying a factor of 60

TABLE 1II

LENGTH L, NUMBER OF COMPONENT CILIA N, DRAG COEFFICIENT k& AND
SCALING FACTOR kL*/N FOR CILIA OF FIVE DIFFERENT SPECIES

Organism L N k kLN
cm no. of components dyn cm™? s 108 dyn s
Paramecium 0.0010 1 0.028 2.8
Stentor 0.0028 60 0.057 0.75
(40-75)
Sabellaria 0.0032 30 0.037 1.3
Jorunna 0.0046 ? 0.037 —
Pleurobrachia 0.0600 several X 108 2.0 (3.6-2.4)
(2-3) X 10°%
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length and a factor 10° in number of components. Within the very large range the
factor kL’/N is practically constant. This type of “scaling” behavior has been
pointed out before in a somewhat different way by Harris (1961).

The “scaling factor”’ N/L for the elastic term, Eq. 21, is quite different from that
for the active and viscous terms in Eqs. 22 and 23. Since the shape of the cilium is
sensitive to the stiffness, the model formulated in Eqgs. 21-23 can be meaningfully
tested by applying it to cilia with different length L and number of components N.

Of the cilia in Table II the shape during the cycle has been presented in a more or
less diagrammatic way by Sleigh (1962, 1968) for Paramecium, Jorunna, and
Stentor (Figs. 20-22). The effective stroke was in all three cases indicated by
straight lines. No information is therefore contained in these representations of the
effective stroke.

The recovery stroke for the three cilia in Figs. 20-22 is given in more detail. The
shape and the duration of the recovery are very different in the three cases, and they
should therefore provide a test for our model.

For the macroscopic structure of the comb plate of Pleurobrachia a detailed and
accurate description of the motion during the cycle has recently been obtained by
Sleigh and Jarman (1973),? shown in Fig. 23 below. Unfortunately our knowledge of
the drag coefficient and its variation during the cycle and along the cilium is poor
for this particular case, and a precise testing of the model over the entire cycle is
impossible. This is explained in more detail below as the various cases are treated.

For application of the model to the four cases mentioned above, the length of
the structure is known accurately in each case. The velocity at which the recovery
bend travels, and the length of the bend can be measured with a ruler from the dia-
grams in Figs. 20-23. o was maintained equal to 1 for the effective stroke and equal
to 0.5 for the recovery stroke. The function ¢ (z) was used in the same form as that
for Sabellaria: ¢ (z) = (1 — z)*" since no knowledge of a more precise nature exists.
For the case of Paramecium, however, it is known that the cilium is not a compound
but a single (cylindrical) 9 4 2 structure. In this case only we have as a consequence
taken o(z) = 1.

In the application of the model to Sabellaria it has been found that the shape of
the recovery stroke is not very sensitive to the exact form of o (z). Our lack of in-
formation on ¢ (z) is therefore not very serious.

The values obtained from Sabellaria, m, = 1.5 X 107 dyn cm, rar = 5 ms,
Tree = 20 ms, have been maintained throughout. Our model is therefore left with
one parameter: N, the number of component axonemes. In testing the model we
have computed return strokes with various values of N, starting near the beginning
of the recovery stroke. For the cases of Jorunna and Stentor the recovery stroke

# We wish to thank Dr. Sleigh for his gracious permission to use the data on Pleurobrachia before
publication.
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FIGURE20 (A) Motion of the cilium of Pgramecium during complete cycle at 5 ms intervals
_(courtesy of Dr. M. A, Sleigh). (B) Recovery stroke computed for a model with 1.3 axonemes.

overlaps with the effective stroke. The end of the effective stroke was therefore in-
cluded in the calculations. Each of the cases is discussed in more detail below.

Paramecium

The cilium of Paramecium is a short (L = 10 um) single axoneme. The motion at
intervals of 5 ms is shown in Fig. 20 A (from Sleigh, 1968). No “overlap’’ seems to
be apparent between the effective and the recovery stroke according to Sleigh
(1968). We have therefore started the calculations with the position at 10 ms,
taking fe: () = 0.

The cilium is cylindrical [s(z) = 1], with a diameter 0.2 um. From Fig. 20 A

the length of the bend section A =~ 3 um. According to Eq. 10 the drag coefficient,
using the values @ = 0.1 ym and A = 2A = 6 um, is k = 0.028 dyn cm™ s. The
velocity at which the bend propagates is from Fig. 20 A, v = 300 um/s.
" The recovery stroke was computed for various values of N (the number of
axonemes). The best fit, obtained with N = 1.3, is shown in Fig. 20 B. The value
N = 1.3 is close to the experimental value of 1. Even though the distal part of the
cilium lags a little in the model compared with the data, the general shape of the
recovery stroke is well reproduced.

Stentor

The Stentor cilium is a “membranelle,” built up of “two to three rows of 20-25
cilia each” (Sleigh, 1962). The cross section has dimensions of approximately
5 X 0.7 um (Sleigh, 1962).

Two diagrams of the motion of the Stenfor membranelle are shown in Fig. 21 A
(Sleigh, 1968) and Fig. 21 B (Sleigh, 1962). As an average from these two diagrams
we have adopted values of A = 9 ym and v = 1170 um/s.
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FiGURE 21 (A and B) Two different observations of the motion of the Szentor cilium during
a full cycle (courtesy of Dr. M. A, Sleigh). (C) Computed recovery stroke for a model
with 50 axonemes.

For calculations of the viscous drag of a ribbon-like structure the appropriate
dimension to be used is the width of the ribbon (Lamb, 1952). Taking for insertion
into Eq. 10 @ = 2.5 yum and A = 2A = 18 um, we obtain for the drag coefficient
k = 0.057 dyn cm™*s.

The recovery phase of Stentor starts before a clear termination of the effective
stroke (Fig. 21 A and B, and Sleigh, 1968). We have therefore started the model
calculation at ¢ = 16 ms, taking the end of the activation of the effective stroke
tiet = 11 ms. This assures a resonable representation of the position at 22 ms.

The best shape of the recovery stroke, obtained with N = 50, is shown in Fig. 21 C.
The value for N is well in the range (40-75) shown in Table II.

The shape in Fig. 21 C is a fair representation in view of the variation in observa-
tions shown in Figs. 21 A and B.

Jorunna

The compound cilium of Jorunna is rather long (L = 46 um) and “flexible” (Sleigh,
1968). The motion is slow: the effective stroke has a duration of approximately
70 ms, the recovery stroke lasts approximately 100 ms. The number of component
axonemes has not been reported in the literature.

Fig. 22 A shows the motion of the Jorunna cilium. The recovery stroke starts
before the end of the effective stroke, as was the case with Stentor and Sabellaria.
We have started the model calculations at # = 55 ms, using a value for #,,s = 60 ms.
This results in a fair representation of the position at 70 ms.

Since the number of components of the cilium is not known, the drag coefficient
cannot be calculated. We have adopted the value of Sabellaria k = 0.037 dyn cm™
s. From Fig. 22 A we have taken v = 400 um/s, A = 9 um.
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FiGURe 22 (A) Motion of the cilium of Jorunna during the complete cycle. Note the dura-
tion of the cycle of 160 ms (courtesy of Dr. M. A. Sleigh). (B) Computed recovery stroke
for a model with 13.3 axonemes.

The best fitted recovery stroke, shown in Fig. 22 B, was obtained with N = 13.3.
It can be seen that the fit is quite good.

The fact that a rather low value for N, in comparison to the length L, is found
from the model, agrees well with the statement of Sleigh (1968) that the cilium is
flexible and with the fact that the motion is slow.

Pleurobrachia

The comb plate of Pleurobrachia is a special case because it is a macroscopic sheet-
like structure. A comb plate is built of up to 100 rows, each approximately 800 ym
wide, of axonemes. The length L & 600 um (Sleigh and Jarman, 1973). In total
“several hundred thousand” axonemes are present.

Fig. 23 A shows the motion of the comb plate during one cycle (from Sleigh and
Jarman, 1973). It can be seen from Fig. 23 A that in spite of the much larger dimen-
sions the motion has the same general characteristics as the Sabellaria cilium.

A drag coefficient cannot be calculated with Eqgs. 10 or 11 for a comb plate be-
cause its width is not small compared with the length. Instead these structures have
more resemblance to a disk moving broadside on. The total viscous drag K for a
cylindrical disk, moving broadside on is (Lamb, 1952)

K =51 xcn, (24)

where c is the radius of the disk. Taking for ¢ one-half of the average of the width
and length of a comb plate (¢ = 350 um), gives with Eq. 24 a value K = 5.6 X 10~
dyne cm™ s. If we assume that the drag is uniformly distributed over the disk, the
viscous drag coefficient per unit length ki, = K/L = 9 X 10 dyncm™ s.

A further complication is caused by the fact that the Reynolds number R = VL/v
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FIGURE 23 (A) Motion of the comb plate of Pleurobrachia. The comb plate is seen edge-on
(courtesy of Dr. M. A. Sleigh). (B) Complete cycle computed for a model with 3.3 X 10°
axonemes. For further explanation see text.

for the motion of a comb plate is not small. If we take for a characteristic velocity V
the value in the effective stroke halfway along the structure (V = 3 cm/s), with
L = 0.06 cm and » = 1 cSt, the Reynolds number becomes R x 18.

If we interpret the Reynolds number as the ratio of inertia to viscous forces (Som-
merfeld, 1947), the total drag coefficient per unit length of the comb plate becomes
k = (R + 1)kyis, or (rounded off) k =~ 2 dyncm™s.

The value for k derived above is, of course, a very rough approximation. A
hydrodynamic theory which would allow a better estimate of k has not been de-
veloped, however. Where the “‘scaling law” illustrated in Table II appears to hold
for the comb plate using k = 2 dyn cm™ s, we have felt that this value is of the
correct order of magnitude.

From Fig. 23 A we have taken the velocity of propagation of the bend during the
return stroke v = 7800 um/s, and the length of the bend A = 45 um. Computation
for the model, with the above values for k, v, and A were started at the position at 12
ms, which is practically straight. We found that for any number of components N
the model cilium buckles and collapses within a few milliseconds. If, however, the
value of ie, the stiffness of a single axoneme of 107 dyn cm’, is raised by a factor
greater than 100, meaningful solutions are obtained for N > 3 X 10'. As in the case
of Sabellaria, the curvature which develops during the effective stroke is mainly
determined by the stiffness.

The best overall result is obtained with ie = 5 X 10™ dyn cm®, which is 500 times
the value used for all other cases treated, and N = 3.3 X 10°. Fig. 23 B shows the
complete cycle computed with these values. The activation during the effective stroke
was terminated in Fig. 23 B at #,,e = 30 ms.

Besides the facts that during the effective stroke the maximum curvature occurs in
the proximal part in the model and in the distal part in the data, and also that in the
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beginning of the recovery stroke the comb plate is too much bent over, the general
shape of the cycle is reasonably represented. This shows that the mechanism for
generating the active moment remains valid in this very large and rather slow
organelle.

Electron microscopy (Afzelius, 1961) has revealed that two extra fibers (lamellae)
are present in each axoneme of the comb plate. The fibers are located opposite each
other outside the ring of the nine peripheral fibers in the plane perpendicular to the
direction of motion. There is only a slight indication in the photographs presented
by Afzelius that some of the cilia in a row are connected by a ‘““dark substance.” If
the component cilia of the comb plate were free to slide over each other during the
motion, all these extra structures are in the “neutral” plane and cannot contribute
to the apparently greater stiffness.

Since no other elements have been found that could cause the extra stiffness, the
probable explanation for it is that the component cilia are not totally free to slide
over each other. The moments at the base of a comb plate are typically in the order
of 10~ dyn cm, compared with 10~ dyn cm in Sabellaria. It seems reasonable to
assume that the very much larger forces on the comb plate press the components
together resulting in a friction which resists the sliding.

The stiffness of a solid plate is proportional to d°, where d is the thickness. If the
components of the comb plate, which has a typical d = 20 um, were solidly bound
together, the stiffness compared with the Sabellaria cilium (typically d = 1 pm)
would be 210" times higher. The stiffness increase of about 500 times can therefore
be accounted for by a rather small amount of friction between the component cilia
in the comb plate.

It should be kept in mind, however, that we cannot make any interpretation as to
which structure (the peripheral fibers, or the two extra ones) is responsible for the
stifiness of the comb plate. Table III shows the experimental values for the number
of component cilia in the five structures treated in this paper, and the number of
components used in the model.

TABLE III

NUMBER OF COMPONENT CILIA FOUND FROM OBSERVATION, AND FROM THE
MODEL FOR FIVE DIFFERENT SPECIES

Number of components

Organism of cilium

Observation Model
Paramecium 1 1.3
Stentor 40-75 50
Sabellaria 25-30 30
Jorunna ? 13.3
Pleurobrachia several X 105 3.3 X 108
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DISCUSSION

It might be useful at this point to summarize the main features of the contractile
model for cilia developed above.

(a) A sliding filament mechanism operates between the peripheral fibers. The
dynein molecules form cross bridges between the peripheral fibers, each dynein
producing an active moment of 1.5 X 10™** dyn cm. The total active moment felt at
location s is the sum of the moments produced by all attached dyneins distal to s.

(b) The peripheral fibers contribute to the stiffness of the cilium only when and
where they are inhibited from sliding due to cross-linking by attached dyneins.

(¢) The effective stroke is initiated by a signal which activates peripheral fibers
over their entire length at once. After the signal ceases the contractile activity
decays with a characteristic time 7.y = 5 ms.

(d) When peripheral fibers slide over each other the dyneins attach. After sliding
ceases the attachment decays with a decay time 754, = 20 ms. The moments produced
this way are of such polarity that they tend to decrease the curvature that caused
the sliding.

(e) In compound cilia the stiffness is the linear sum of the stiffness of the com-
ponents. Only in very large structures (such as the comb plates) does a moderate
amount of friction between components appear to exist.

The model contains five essential quantities: m, = 1.5 X 10~ dyn cm, the moment
produced by one attached dynein, D = 4.7 X 10° dyneins/cm, the number of dynein
molecules on one “side’” of an axoneme, ie ~ 107* dyn cm’, the stiffness of one
axoneme where all dyneins are attached, and the two decay times 7err and 7res .
Of these five quantities D is known beyond doubt from electron microscopy; it is
the same in flagellar and ciliary axonemes. The estimates of m, and ie obtained in
this paper for ciliary axonemes are close to the values we have found earlier from a
different analysis for sperm flagellar axonemes (Rikmenspoel, 1966, 1971).

An independent measurement of the two decay times .¢s and 7. does not exist.
At first sight it is indeed surprising that different decay times should apply to the
two different ways of activating the dynein molecules. The effective stroke of
Paramecium, however, appears to have completely terminated 10 ms after its start
(Fig. 20 A and Sleigh, 1968). This cannot be reconciled with a decay time of the
contractility much longer than 5 ms. On the other hand, the recovery stroke of
Sabellaria, and even more, those of Jorunna and Pleurobrachia, cannot be repre-
sented with a decay time 7., smaller than /20 ms.

The model stands and falls therefore with the two different decay times. It is
encouraging that recently Gibbons and Fronk (1972) have found evidence in
dynein for two types of ATPase sites, one having a low and the other having a high
ATP affinity. The two sites were observed in isolated axonemes in KCl concentra-
tion near those in intact organelles, with Mg** activation. This observation lends
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support to the idea that two types of kinetics can be present for the dynein-tubulin
interaction,

In general, however, the fact that the model can explain the shape of ciliary
strokes of a variety of durations and in a large range of sizes, is perhaps the best
indication that the basic features of it are correct. We have in the section Other
Types of Ciliary Motion not included rare or exotic types such as the cilia of Myrilus,
of Opalina, and the cilium on the cephalic tentacle of Sabellaria (Sleigh, 1968).
These species have in common that a clear separation between an effective and a
recovery stroke is not present. The control of the ciliary activity is therefore dif-
ferent from that of the more normal types treated. A special investigation seems
warranted for these rarer types mentioned above.

The calculations with our model strongly support the basic, nonlocal, nature of a
sliding filament mechanism . The forces produced by dynein molecules are transmitted
all the way to the point of attachment of the fibers. This indicates the special im-
portance of the attachment of the fibers in the basal body of cilia or the centriole of
flagella. Experimentally it has been found by Goldstein (1969) that after laser
microbeam irradiation of the centriole area sea urchin sperm are not able to initiate
new bending waves. Summers and Gibbons (1971) have found that broken, Triton-
extracted sea urchin sperm flagella show wave motion upon ATP addition only in
the fragments containing the centriole. Rikmenspoel and van Herpen (1969) have
reported that the centriole of bull sperm is the area most sensitive for ionizing
radiation. These observations would support the special role of the basal body or
centriole as a mechanical anchor point for the contractile fibers.

In the above considerations of the model, we have been concerned only with the
decay time of the contractile activity. At the beginning of the effective stroke (0-3
ms) of Sabellaria we have a clear indication that the attachment of the dynein
molecules is not instantaneous. The characteristic time for dynein attachment is
from Figs. 2 and 7 of the order of 1 ms. Together with a 7o¢¢ = 5 ms this means that
during the period of full activity in the effective stroke (=216 ms) the dynein-tubulin
binding has turned over several times.

During the recovery stroke the dynein-tubulin attachment probably also takes a
finite time. Our relatively poor fit of the exact shape of the recovery stroke (Fig. 17)
indicates, however, that no possibility exists to obtain estimates of the attachment
time in that phase. We can therefore not say anything about possible turnover of the
dynein-tubulin binding during the recovery phase.

The value for the stiffness of the distal part of the compound Sabellaria cilium
during the recovery stroke (1.8 X 107** dyn cm®) found in this paper is in agreement
with the value of (2 +=1) X 107 dyn cm’ obtained earlier (Rikmenspoel and Sleigh,
1970) from small amplitude elastic theory applied to the recovery stroke. This
serves as an illustration of the power of small amplitude analysis when properly
applied.
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Finally, it might be of interest to compare the present findings on cilia with the
proposals made for the coordination of contractility in flagella. From an analysis of
the viscous and the bending moments in invertebrate sperm Rikmenspoel (1971)
found that the active moment in these flagella was developed in phase over their
length. The magnitude of the moment was found to decrease linearly along the
length of the flagella. These observations led to the proposal that a sliding filament
mechanism with summing of the moments produced by the dynein molecules
operates in these flagella, with the fibers activated at once over their entire length.

In the effective stroke of cilia this mechanism of activation of the fibers over their
entire length is directly displayed. The moment produced by one dynein molecule
found by the analysis of the Sabellaria cilium (m, = 1.5 X 107 dyn cm) is close to
that found from the analysis of the sperm flagellar waves (m, =~ 1 X 10™* dyn cm).

In cilia the dynein-tubulin binding is activated also by sliding of the peripheral
filaments. It is entirely possible that this process would also take place in a waving
sperm flagellum. The moments produced by sliding activation in cilia are, as Fig.
18 shows, about a factor of five smaller than those produced by the activation of the
fibers over the entire length. In flagella the superposition of the two mechanisms
would lead to a waving perturbation of the linearity and of the (ideally zero) phase
of the total active moment. Close inspection of Fig. 4 of Rikmenspoel (1971)
shows that these perturbations are indeed present in the linearity and the phase of
the active moments of invertebrate sperm flagella.

The mechanisms in cilia found in the present paper and the proposal by Rikmen-
spoel (1971) on the mechanism in flagella are therefore compatible and mutually
supportive. We cannot say, however, that this constitutes a proof for the proposed
mechanism in flagella. Such a proof could probably only be found in a direct ex-
perimental demonstration of the activation of fibers over their entire length, such as
occurs during the effective stroke in cilia. In flagellar fragments of bull spermatozoa
such an experimental demonstration has recently been given (Rikmenspoel et al.,
1973). Bull sperm flagella have a much more complicated morphology than in-
vertebrate sperm flagella, however, and the validity of results cannot be directly
transferred.

Other mechanisms for the coordination of sperm flagellar contractility have been
proposed by Lubliner and Blum (1971, 1972) and by Brokaw (1972 q, b). Both
have in common that the initiation of the dynein-tubulin interaction is caused by
sliding of the filaments due to curvature of the flagellum. The moments thus pro-
duced are assumed to increase the curvature. In both models sliding is assumed to
occur only where a change in curvature occurs. A change in curvature affects, how-
ever, sliding at all locations distal to it (compare Eq. 20). This, combined with the
fact that in both models the moments produced by the dynein molecules are summed
only over the adjacent curved section of the flagellum, means that the models could
be more properly called “semilocal” ones.
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In the models of Lubliner and Blum and of Brokaw, the induced contractility
tends to continue to curl the flagellum, and limiting factors such as a time delay
between curving and contractile activity, shear stresses, internal viscosity and non-
linear elasticity are introduced to prevent divergence. With these factors both models
are successful in demonstrating the development of waves in flagella, and in ex-
plaining the change in the traveling velocity of these waves with external viscosity
(Lubliner and Blum, 1972; Brokaw, 1972 b, c).

The mechanism proposed by Rikmenspoel also leads to the development of
waves (Skalafuris and Rikmenspoel, 1973).* The dependency on viscosity of the
traveling velocity of waves in sperm flagella can be explained with considerable
accuracy from the ratio of the stiffness of the flagellum and the viscosity only
(Rikmenspoel, 1971).

All three models are therefore equally successful in explaining wave properties.
The models of Lubliner and Blum and of Brokaw both propose mechanisms for the
contractile coordination in flagella which are at variance with those in cilia found
in this paper. Until a direct experimental demonstration of the coordinating mecha-
nism in flagella has been made, none of the three models discussed can be taken as
confirmed, however.
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computer programs.
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