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A Model of Flagellar and Ciliary Functioning 
Which Uses the Forces Transverse to the 

Axoneme as the Regulator of 
Dynein Activation 
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Ciliary and flagellar motion is driven by the dynein-tubulin interaction between 
adjacent doublets of the axoneme, and the resulting sliding displacements are 
converted into axonemal bends that are propagated. When the axoneme is bent in 
the normal beating plane, force develops across the axoneme in the plane of the 
bend. This transverse force (t-force) has maximal effect on the interdoublet spac- 
ing of outer doublets 2-4 on one side of the axoneme and doublets 7-9 on the 
opposite side. Episodes of sliding originates as the t-force brings these doublets 
into closer proximity (allowing dynein bridges to form) and are terminated when 
these doublets are separated from each other by the t-force. A second factor, the 
adhesive force of the dynein-tubulin attachments (bridges), also acts to pull neigh- 
boring doublets closer together. This force resists termination of a sliding episode 
once initiated, and acts locally to give the population of dynein bridges a type of 
excitability. In other words, as bridges form, the probability of nearby bridges 
attaching is increased by a positive feedback exerted through the interdoublet 
spacing. A conceptual working hypothesis explaining the behavior of cilia and 
flagella is proposed based on the above concepts. Additionally, the feasibility of 
this proposed mechanism is demonstrated using a computer simulation. The sim- 
ulation uses a Monte Carlo-type algorithm for dynein attachment and adhesive 
force, together with a geometric evaluation of the t-force on the key microtubule 
pairs. This model successfully develops spontaneous oscillations from any start- 
ing configuration (including a straight position). It is compatible with the physical 
dimensions, mechanical properties and bridge forces measured in real cilia and 
flagella. In operation, it exhibits many of the observed actions of cilia and fla- 
gella, most notably wave propagation and the ability to produce both cilia-like and 
flagella-like waveforms. 0 1994 Wiley-Liss, Inc. 
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INTRODUCTION 

The flagellar (and ciliary) axoneme is a highly con- 
served structure common to eukaryotes in both the plant 
and animal kingdoms. It is widely accepted that the mo- 
tor protein dynein, which forms the “arms” of the outer 
doublet microtubules, is an ATPase which generates 
force between the outer doublets and results in a sliding 
displacement between adjacent doublet microtubules 
[Summers and Gibbons, 197 1, 19731. It is also generally 
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accepted that each doublet slides baseward on its higher 
numbered neighbor [Sale and Satir, 19771. Therefore, 
given the circular arrangement of the outer doublets, the 
forces produced by the doublet pairs on opposite sides of 
the axoneme act to bend the flagellum in opposite direc- 
tions. 

While much has been elucidated about the basic 
force-generating mechanism, the question still remains: 
how does the axoneme function to produce orderly epi- 
sodes of dynein-tubulin sliding leading to coordinated 
beating? Many of the facts that are germane to this ques- 
tion have long been in evidence in the literature. Several 
investigators have noted that the spacing between the 
outer doublets in fixed preparations is too large to permit 
dynein arms to bridge the distance from the A microtu- 
bule of one doublet to an adjacent B microtubule 
[Warner, 1978; Gibbons and Gibbons, 19731. However, 
it has also been shown that during rigor, when dynein 
bridges form, the doublets are pulled together and the 
diameter of the axoneme is thereby reduced [Gibbons 
and Gibbons, 1973; Warner, 1978; Warner and Mitchell, 
1978; Zanetti et al., 19791. As early as 1975, Summers 
suggested that the presence of the nexin links between 
the outer doublets dictates that sliding must be accom- 
panied by stretching of the nexin, which in turn would 
tend to pull the adjacent doublets closer [Summers, 
19751. Warner [ 19781 has observed that flagella treated 
with Mg2+ maintain a bent configuration. In these fla- 
gella the axoneme is compressed in the plane of bending 
and takes on an oval appearance in cross section. 

It has also been demonstrated that bending a fla- 
gellum or flagellar fragment which has lost coordination 
can restore beating and activate bend propagation [Lin- 
demann and Rikmenspoel, 19721. In a splayed axonemal 
preparation, Kamiya and Okagaki [ 19861 showed that 
sliding episodes between adjacent doublets will sponta- 
neously terminate when bending and shear reach a cer- 
tain critical limit. Therefore, the available evidence sug- 
gests that both sliding initiation and termination can be 
self-regulated by shear developing between doublets. 

Evidence from three different types of organisms 
also suggests that there are structural constraints that 
govern the functional organization of the axoneme. Stud- 
ies on a marine ciliate, Beroe [Tamm and Tamm, 19841, 
sea urchin spermatozoa [Sale, 19861 and both rat and 
bull sperm [Lindemann et al., 1992; Kanous et al., 19931 
all point to a common conclusion, that the axoneme is 
divided by a natural partition formed from doublet ele- 
ments 3 and 8 linked to the central pair. This arrange- 
ment was first suggested by Afzelius [ 19591. It has also 
long been known that doublets 5 and 6 are permanently 
linked in many (if not all) organisms [Afzelius, 1959; 
Gibbons, 19611. These structures prohibit, or at least 
greatly limit, sliding displacement in one plane of the 

axoneme, and are probably responsible for the semipla- 
nar nature of the flagellar beat in most organisms [Gib- 
bons, 1961; Brokaw, 1965, 1972; Rikmenspoel, 1965; 
Phillips, 19721. 

In a recent report [Lindemann, 19941, the key in- 
formation on the functional organization of the axoneme 
was combined with a method for treating the transverse 
forces (t-forces) generated in a bending axoneme. The 
conceptual scheme that emerged used the t-force devel- 
oped across the axoneme as the single determinant for 
initiating or terminating episodes of dynein-tubulin in- 
teraction. This hypothesis was dubbed the “Geometric 
Clutch” mechanism of the axoneme. When this scheme 
was incorporated into a computer simulation of a flagel- 
lum, it demonstrated both the ability to establish stable 
oscillations, and the ability to develop and propagate 
waves of bending similar to that of a living flagellum. 

In this report, the same conceptual design is further 
developed and refined. The entire simulation is scaled to 
centimeters, grams and seconds (cgs units) to test its 
feasibility under the natural constraints of realistic phys- 
ical scale. A physiological number of force-producing 
bridges is employed, and rather than using a simple on- 
or-off switching algorithm, the probability of their at- 
tachment/detachment is influenced by the t-force. Fi- 
nally, the effects of adhesive forces contributed by 
currently attached bridges are also considered in the 
bridge switching algorithm. The resulting computer sim- 
ulation exhibits behaviors remarkably like those of living 
cilia and flagella. 

ANALYSIS AND MODEL 

The flagellar and ciliary beat is predominantly re- 
stricted to the direction perpendicular to the central pair 
of the axoneme [Tamm and Horridge, 19701. Two spe- 
cial features explain the restricted beat plane. Firstly, 
there is solid evidence for a stable central partition, a 
linking of the central pair with doublets 3 and 8 [Tamm 
and Tamm, 1984; Sale, 1986; Lindemann et al., 19921. 
Secondly, the 5 and 6 doublets are permanently bridged 
and do not slide relative to each other [Afzelius, 1959; 
Gibbons, 1961; Warner and Satir, 1974; Lindemann and 
Gibbons, 1975; Olson and Linck, 1977; Linck, 1979; 
Lindemann et al., 19921. 

Due to the circular arrangement of the outer dou- 
blets of the axoneme, and the polarity of interdoublet 
sliding [Sale and Satir 19771, the dynein arms on oppo- 
site sides of the axoneme act to bend the axoneme in 
opposite directions (doublets 2-3 and 3-4 act together in 
one bend direction, while 7-8 and 8-9 act in the oppo- 
site as indicated in Fig. 1). With the exception of dou- 
blets 5 and 6, which are often permanently bridged, 
some interdoublet sliding may occur between each of the 
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Fig. 1. Modeling the axoneme. A digitized image of a respiratory 
ciliary axoneme from newt lung is shown. The bending plane of the 
structure is indicated by the two-headed arrow. More than 60% of the 
interdoublet sliding during the ciliary beat occurs between elements 
2-4 on one side of the axoneme, and between elements 7-9 on the 
opposite side (as shown in brackets). In the computer simulation of a 
ciliumiflagellum, two pairs of forces (force couples), corresponding to 
the force generated between elements 2 and 4 on one side and elements 
7 and 9 on the opposite side, have been used to approximate the 
force-producing apparatus of the axoneme, as shown schematically. 
Since the two force couples act to bend the flagellum in opposite 
directions, they have been designated as the P (principal) and R (re- 
verse) dynein bridge sets. The micrograph of a ciliary axoneme was 
provided by Dr. Robert Hard, University of Buffalo Medical School. 

adjacent doublet pairs. However, due to the structural 
considerations mentioned above, and the resulting planar 
beat, most interdoublet sliding will occur between ele- 
ments 2-4, and elements 7-9, whose interdoublet axes 
lie in the plane of beat (see Fig. 1). The work of Warner 
[1979] supports the deduction that most of the sliding 
occurs at these sites, as the ATP turnover is highest at 
these sites. 

In modeling the axoneme, the analysis has been 
simplified by focusing on two shear force couples, one 
representing the relative force developed between ele- 
ments 2 and 4, and the other between elements 7 and 9.  
Bending torque is then the product of the shear force 
times the working lever arm, where the effective lever 
arm is the center to center distance between elements 2 
and 4 or between 7 and 9 (the effective diameter, D). 
This simplification is illustrated in Figure 1 and is em- 
ployed in modelling the flagellum. It divides the force- 
producing dynein bridges into two files, called the P 
(principal) and R (reverse) bridges. 

Computed Simulation of an Axoneme 
The computer programs used to stimulate a flagel- 

ludcil ium were written in Microsoft QuickBasic. The 

approach taken for this study was to take an initial data 
set of thirty angles, specified in radians, and construct a 
segmented “flagellum. ” Each of the thirty angles deter- 
mines the placement of the next segment, starting from 
the first segment which is placed at the coordinate origin 
(0,O). From the initial segment angles and positions, val- 
ues are calculated for the change in angle per unit of 
segment length (curvature, dO/ds), and the change in 
angle from the initial segment angle (shear angle) and 
each is stored in a data file. The simulated flagellum is 
then recalculated over a specified number of iterations, 
where decay of the curvature values is determined by a 
fractional multiplier. In that way, each segment joint 
decays exponentially towards 0 curvature in the passive 
model. 

Superimposed on this very basic simulation of an 
elastic rod are the perturbations originating from sliding 
and active bridge cycling, as well as viscous drag. Mo- 
ments of torque, derived from stretching passive inter- 
doublet links and from active dynein bridges, are used to 
determine an instantaneous equilibrium position of the 
structure. The active bridge forces and passive stretching 
forces from both sides of the axoneme are added together 
into a total force file, as they would be added (or sub- 
tracted) as longitudinal forces onto the doublet microtu- 
bules interacting with the central partition. The total lon- 
gitudinal force at segment n (F(n)), multiplied by the 
doublet spacing dimension (effective diameter, D), 
yields the total torque acting at n. This is then balanced 
by finding the curvature, dO/ds, at which the local stiff- 
ness (1,E) X dWds is equal and opposite to the total 
instantaneous torque: 

d0 
- x IoE = F(n) X D 
ds 

where: 

30 30 30 

F(n) = 2 X 2 FL(i) + Fp(i) + FR(i) ( lb) 
i=n  i=n i=n 

FL is the longitudinal component of force derived 
from stretching the passive elastic links between the dou- 
blets on each side of the axoneme. F, and F, are forces 
contributed by the activated bridges of each modeling 
segment in the principal (F,) and reverse (FR) bend di- 
rections. The curvature solution to Equation l a  at each 
segment n (dWds) then defines the equilibrium curvature 
of that particular segment joint. The passive model is 
then modified to decay exponentially to this equilibrium 
curvature, instead of to 0 curvature. Treating the forces 
generated by the passive linkages and active bridges ad- 
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ditively, in the same data file, is similar to the theoretical 
treatment devised by Brokaw [ 197 1, 19721. 

To simulate the effect of viscous drag on the fla- 
gellum, the following algorithm was employed. At each 
iteration, at each segment, the previous and current po- 
sitions of the flagellum are compared to calculate seg- 
ment velocities (V), and the moment of drag (MDRAG) at 
n is the sum of moments of drag on each of the more 
distal segments: 

30 

MDRAG(n) = C drag coefficient x v(i) 
i = n  

x ALn(i) x As (2) 

where L, is the lever arm (distance from the current 
segment) and As is the segment length. The decay con- 
stant at each segment is adjusted at each iteration to make 
the torque due to drag at that segment stay roughly equal 
to the sum of the elastic and active torques, which is the 
physical mandate: 

MACTIVE + MELASTIC - MDRAG = (3) 

as recognized earlier by Machin [ 19631 and Rikmenspoel 
[ 197 11. 

To simulate flagella-like motion, where the base 
segment is free to pivot, the boundary condition that 
viscous drag torque = 0 at the base segment was em- 
ployed. To accomplish this, the drag was recalculated 
with a feedback correction of the base angle derived from 
the magnitude of the previous drag calculation. The pro- 
cess was repeated until the drag torque at the base was 
reduced below an acceptable cutoff. This method pro- 
vided a very stable base correction algorithm, using ei- 
ther a base completely free to rotate, completely fixed, or 
any variation between these two extremes by choosing 
the appropriate cutoff value. 

Modeling the Dynein Switching Mechanism 
The key hypothesis constituting the core of the 

model proposed here is that dynein heads form force- 
producing bridges to subtubule B with a probability pro- 
portionate to the interdoublet spacing. In turn, force be- 
tween the doublets in the direction transverse to the 
flagellar axis and in the plane of the flagellar beat (t- 
force) is responsible for regulating the interdoublet spac- 
ing. Therefore, the t-force is the primary determinant of 
dynein activation and deactivation, and is consequently 
responsible for initiating and terminating episodes of mi- 
crotubule sliding. 

Several working assumptions have been made to 
permit a simple simulation of dynein bridge switching: 

1. The dynein is in its activated state. 

2 

3 

4. 

The sole determinant of dynein head binding to tubu- 
lin is physical proximity of the dynein head to the B 
tubule. Due to variations in molecular kinetic energy, 
this shows up as a probability function since the 
greater the doublet spacing, the fewer dynein heads 
will possess sufficient kinetic excursion to contact 
and bind the neighboring B tubule. 
When a dynein head binds to the B tubule of the 
adjacent doublet, a force is exerted between the dou- 
blets. This force has a component longitudinal to the 
axis of the doublets, which drives interdoublet slid- 
ing, and a component transverse to the axis of the 
doublets, which contributes a positive adhesive force 
drawing the doublets closer. 
For the purpose of modeling, a constant value has 
been assigned to the sliding force contributed per ac- 
tive dynein head. 

Some of these assumptions are oversimplifications 
and serve only as a first approximation to facilitate mod- 
eling. It is anticipated that refinements will be incorpo- 
rated as the model is upgraded in the future. 

T-Force 
The method used to treat the t-force was developed 

in a prior report [Lindemann, 19941. As shown in Figure 
2, when the flagellum bends, tension or compression 
develops on each of the doublets by the active pulling of 
dynein bridges (FA) and by passive stretching of inter- 
doublet links (FJ. At any calculation segment (n) in the 
computer simulation, the total longitudinal force on a 
doublet will be: 

i = n  i=n 

which is the sum of the active and passive components of 
force contributed by more distal segments, n through 30. 
Only the forces distal to each point are totaled to calcu- 
late the longitudinal force. This is justified by the prin- 
ciple that for a linear element under tension (or compres- 
sion) Newton’s First Law dictates that for every force 
(action) there is an equal and opposite force (reaction). 
Therefore, the tension (or compression) on the linear 
doublet, generated from forces distal to each point, is 
always in balance with an equal and opposite force con- 
tributed by the structural and active elements proximal to 
that same point. The magnitude of both forces can con- 
sequently be determined by integrating the total force in 
one direction. Using the distal force provides a uniform 
method (applicable at every position) that has been suc- 
cessfully employed in other ciliary and flagellar models, 
and serves to make a complex system tractable. 

The total longitudinal force, times the curvature 
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The longitudinal component is found in similar 
fashion: 

--- 
Fig. 2 .  Forces distorting the axoneme. A schematic drawing of an 
axoneme during an episode of dynein activity is shown. As the dynein 
arms generate force between the adjacent doublets on the activated 
side of the axoneme (shown in A), doublets 5-7 are pushed baseward 
and doublets 9 and 1 are pushed tipward. The fixed basal attachment 
at the basal body forces the structure into a curve as sliding occurs. 
The cumulative tension, shown by the arrows parallel to the axoneme, 
causes an outward transverse force (t-force) on elements 9 and 1. This 
force is largest near the base. Similarly, the cumulative compression 
on elements 5-7 causes an outward t-force on those elements. This 
outwardly directed t-force couple (labeled “t”) will ultimately termi- 
nate the dynein bridge engagement. A section of the opposite side of 
the same axoneme is represented in B. On this (passive) side, the 
dynein bridges are not engaged, but sliding is also occurring (as in- 
dicated by the arrows). The force causing the sliding comes from the 
opposite side and must be sufficient to stretch the passive interdoublet 
linkages between these doublets. This transferred force has also been 
included in modeling the behavior of the axoneme. 

change per restraining element, yields the t-force result- 
ing from the longitudinal strain on the doublets. Since 
this contribution comes from the cumulative action of 
many active and passive elements along the axoneme, it 
is referred to as the global component of t-force, and is 
expressed as: 

dQ 
Global t-force = X FToTAL ( 5 )  

When the passive linkages between doublets are 
stretched, they also directly contribute a vectorial force 
component transverse to the axoneme. The magnitude of 
this force is dependent on the angle of the links to the 
doublets (+)- This direct, local contribution to t-force is 
always positive (squeezing the doublets together), and its 
magnitude can be expressed as: 

Local t-force = F, = F,sin+ (6) 

where FE is the whole elastic force magnitude. 

Longitudinal component = FL = F,cos+ (7) 

The sign of this component is determined by the direc- 
tion of interdoublet sliding. This component is used in 
the calculation of the total longitudinal force, F (Equa- 
tion lb) which drives the movement of the simulation, 
and is used to determine Global t-force (Equation 4). At 
each segment, + can be found from the interdoublet slid- 
ing at segment n. The stretch of the passive linkers (D,) 
can be found by Pythagorean Theorem [see Lindernann, 
19941. If the passive links are assigned an elastic con- 
stant (KE) then: 

The value of K, is a fundamental unknown that must be 
assigned a value in the model. 

The total t-force at each segment is a combination 
of both the global and local t-forces: 

Total t-force = Local t-force + Global t-force (9) 

Each side of the axoneme experiences a different total 
t-force because the active dynein bridge contributions are 
different on the doublets of the two sides. When the 
axoneme bends, there must be some sharing of force 
from bridges on one side in order to passively bend the 
opposite side. This transferred force is schematically dis- 
played in Figure 2B. It is transferred via the interdoublet 
connections, and is responsible for stretching the inter- 
doublet links on the passive side as the entire flagellum 
is bent. While this transfer of active force is probably a 
small fraction of the total active force, it cannot be zero. 
To take this transfer force into account in the formulation 
of the t-force, the final expression for the t-force at seg- 
ment n on the two sides of the axoneme each contain a 
fractional carryover (transfer factor) from the opposite 
side: 

1 

t-forcep(n) = F,(n) + 

[FL(i) + Fp(i) + (transfer factor X FR(i))] (10a) 1 
1 

t-forceR(n) = FT(n) + 

[FL(i) + FR(i) + (transfer factor X Fp(i))] (lob) 1 
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where F, and F, are the active forces in the principal and 
reverse files. F, is the local t-force and F, is the longi- 
tudinal passive elastic component (from Equations 6 and 
7, respectively). 

Bridge Adhesion 
When dynein-tubulin bridges form, they must also 

produce an adhesive force between adjacent doublets. 
Since the interdoublet spacing in a nonrigor axoneme is 
greater than the resting length of the dynein arms, each 
newly attached dynein should contribute a positive ad- 
hesive force acting to decrease the interdoublet separa- 
tion. The force derives from the elastic stretching of the 
dynein stalk when a bridge is formed. In the extreme 
case of a flagellum in rigor, the interdoublet separation 
should be noticeably decreased, and this has been veri- 
fied experimentally [Gibbons and Gibbons, 1973; 
Warner, 1978; Warner and Mitchell, 1978; Zanetti et al., 
19791. 

Figure 3 graphically depicts the adhesion force 
concept. As bridges attach, they pull adjacent doublets 
slightly closer, increasing the chance that neighboring 
dynein heads will also attach. Conversely, detachment of 
dynein bridge increases the probability of further detach- 
ment by decreasing the total adhesion holding doublets 
together. To incorporate this behavior into the simulated 
flagellum, the magnitude of the active bridge force per 
segment is used to alter the probability of bridge attach- 
ment/detachment. 

Dynein Bridge Switching Algorithm 
At each iteration of the computer simulation, a se- 

ries of random numbers is generated for each modeling 
segment. Each number generated corresponds to one of 
the dynein heads found on the key doublets on the two 
sides of the axoneme (see Fig. 1). This equates to Î 4 X 
lo6 dynein heads/cm times the segment length. The two 
populations of bridges are designated as the P and R 
bridge files. Each random number has a value between 0 
and I .  Its value is compared to the base (resting) prob- 
ability threshold to determine if bridge attachment oc- 
curs. P and R file bridges can be assigned different rest- 
ing probability thresholds. 

The base or resting probability (Base.P) is modi- 
fied by the magnitude of the t-force to yield an active 
probability (Active.P) at each new iteration. Where: 

Active.P = 
Base.P + (t-force X scaling constant) (1 1) 

The scaling constant makes t-force magnitude compati- 
ble with the probability range, and positive t-forces make 
the probability of attachment increase. 

At each iteration, the effects of bridge adhesion 

R ACTIVELY BENT 

TRANSFER 

Fig. 3. Adhesion forces and excitability. A: When a dynein bridge 
forms in a resting axoneme, the interdoublet spacing is larger than the 
dynein length. Kinetic energy must initially contribute to stretching 
the dyneins, permitting random bridge attachment. Once a dynein 
head with sufficient kinetic energy forms a bridge, the bridge is elas- 
tically stretched across the interdoublet space. Each dynein bridge 
attached in this manner contributes a force, pulling the doublets closer, 
which in turn increases the probability of additional bridge attach- 
ments. This makes a cascade of bridge attachment possible, and it also 
provides adhesion between the adjacent doublets. The resulting adhe- 
sion can only be overcome by a strong negative t-force. B: Attachment 
of bridges on one side of the axoneme decreases the probability of a 
cascade of bridging on the opposite side. This is due to transfer of 
force through the interdoublet links. The transferred force increases 
interdoublet separation on the passive side. 

must also be accounted for. After the active probability is 
calculated from the t-force at each segment, the program 
enters a conditional loop and evaluates the effect of 
bridge attachment at each segment. The adhesive contri- 
bution (adhesion) to the bridge switching probability is 
found using the following formula: 

Adhesion = 
Active bridge force X scaling constant 

x (1 - probability of attachment) (12) 

where the scaling constant adjusts the magnitude of ad- 
hesion to make it compatible with a 0 to 1 probability 
range, and the probability of attachment is the latest ac- 
tive probability. Using this formula, as more bridges 
attach and the probability of attachment nears 1,  the con- 
tribution of additional bridge attachments declines pro- 
gressively. This is consistent with the concept that as 
attached bridges pull the doublets closer, subsequent 
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nitely. When the numbers used in the simulation are 
scaled to cgs units, it is possible to maintain the stable 
oscillatory behavior using dimensions, forces and phys- 
ical characteristics compatible with real cilia and flagella 
(Table I). If the length specified in the simulation is 
cilia-like (10 pm), and the resting probability of P-bend 
dynein bridge attachment is several times greater than the 
resting probability of R-bend dynein bridge attachment, 
the resultant beat is very cilia-like. Figure 5B shows the 
beat of a simulated 10 pm cilium with the base-level 
bridge attachment probabilities set at 0.05 for the P 
bridges and 0.01 for the R bridges. The beat has two 
distinct phases, one resembling an effective stroke and 
the other resembling a recovery stroke. The bridge at- 
tachment pattern during the cycle (Fig. 5B) clearly dis- 
plays the cause of the asymmetry. A residual patch of 
bridges near the distal end of the flagellum fails to de- 
activate, persisting from the effective stroke well into the 
recovery stroke (Fig. 5C). In the recovery stroke phase, 
the P wave propagates along the simulated cilium. This 
arises spontaneously from the self-organizing nature of 
the system. Timing constants, imposed propagation and 
forcing functions have not been used in any aspect of the 
simulation. 

If a longer, flagellar-length structure is simulated, 
with a base that is allowed to pivot, the behavior of the 
simulation becomes much more flagellum-like (Figs. 
5A). Waves of bending form at the base and propagate 
down the length of the structure. Bend propagation oc- 
curs in both the P and R bend directions. Figure 5A also 
shows that the episodes of dynein bridge activation also 
propagate along the flagellum. 

The t-forces responsible for bridge attachment and 
detachment in the cilium are shown in Figure 6 .  The 
upper plot shows the t-force acting on the P bridges and 
the lower plot displays the R bridge t-force. The t-force 
takes on an orderly organization and form derived from 
the self-organization of the simulation. T-force magni- 
tudes are largest near the base, where the integral of 
bridge forces and passive forces is also largest. It has a 
propagating component, but can also exhibit pronounced 
episodes of positive (activating) activity distributed over 
most of the ciliary length (demonstrated in Plot 1 in the 
upper graph of Fig. 6). The presence of such episodes 
can explain the almost simultaneous activation of most of 
the P bridges. This behavior is needed to produce an 
effective stroke. 

The simulation was found to oscillate over a fairly 
wide range of values for transaxonemal force transfer 
(from 0.0 to 0.5). However, values in the range of 0 .3  to 
0.1 consistently produced the best facsimiles of cilia-like 
and flagella-like beating. The simulations displayed in 
Figure 5 used transfer factor values of 0.16 for the fla- 
gellum and 0.2 for the cilium. 

bridge attachment will have less of an effect on doublet 
spacing. 

Just as for the t-forces, the adhesive forces will be 
affected by transaxonemal force transfer (see Fig. 3B). A 
fractional portion of the positive adhesive force on one 
side of the axoneme will act to pull doublets apart on the 
opposite side. Therefore, a final correction is made in the 
adhesion values for the P and R bridge sets before ad- 
justing the switching probabilities: 

Adhesion, = Adhesion, - 
(transfer factor X adhesion,) (1 3 4  

Adhesion, = adhesion, - 
(transfer factor X adhesion,) (1 3b) 

Since this side-to-side force transfer is mediated through 
the same structures as in the global t-force calculation, 
the same transfer factor is employed in both calculations. 

In the switching algorithm employed in the simu- 
lation, the global t-force and active probability are cal- 
culated from the current shape and bridge distribution. 
The program then enters a loop and evaluates the effect 
on bridge attachments at each segment. The redistribu- 
tion of bridges changes the adhesive contribution to the 
dynamic probability (Dynamic.P): 

Dynamic.P = Active.P + 
Adhesion [n + 0.5(n-1) + 0.5(n+ l)] (14) 

After finding the dynamic probability threshold for both 
the P and R bridge files, the loop reevaluates the bridge 
attachments with the dynamic probabilities used as the 
switch points. The process repeats until the loop detects 
less than a 10% change in the total dynein bridge attach- 
ment. In other words, the effect of adhesive force on 
bridge attachment must be at least 90% completed before 
the loop is exited. The distribution of bridge attachment 
on exiting the loop is then used as the source for the 
calculation of longitudinal force between doublet ele- 
ments in the P and R files. Total active force is found by 
adding the contribution from all distal segments n to 30 
at each segment n. 

RESULTS 

The computer simulation, using t-forces and adhe- 
sion forces to regulate the probability of dynein attach- 
ment, displays many characteristics of living cilia and 
flagella. As long as the resting probabilities of P and R 
bridge attachment are greater than 0, the simulation will 
initiate motility from any reasonable starting position, 
including a straight position (see Fig. 4). The simulation 
is capable of stable oscillations that can repeat indefi- 
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TABLE I. Modeling Parameters for Ciliary/Flagellar Simulation 

Flagellum Cilium 

Length (cm) 
No. of segments 
Segment length (AS) (cm) 
Functional diameter (D)" (cm) 
Iteration interval (sec) 
Drag coefficient (dyne cm-'sec) 
Passive stiffness (1,E) (dyne cm2) 
Force per active dynein head (dyne) 
Elastic constant per nexin link ( K E ) ~  (dynekm) 
Transfer coefficient P - R 
Resting probability of dynein bridge attachment (Base.P) 

For principal bend bridges 
For reverse bend bridges 

t-force scaling factor' 
Adhesion scaling factord 
Dynein heads per segment 

In principal file 
In reverse file 

0.003 
30 
1.0 x 
1.0 x 
0.0001 
0.028 

4.2 X lop8 
0.03 
0.16 

2.0 x 1 0 - l ~  

0.06 
0.04 
18,000 
36,000 

400 
400 

0.001 
30 

1.0 x 10-5 

0.0001 
0.028 

3.3 x 10-5 

2.0 x 10-13 
1.2 x 10-7 
0.06 
0.2 

0.05 
0.01 
5,000 
32,000 

130 
130 

aFunctional diameter is based on the spacing between doublets 2-4, and between doublets 7-9. 
bBased on a 100 nm nexin spacing. 
'From t-force to bridge attachment probability. 
dFrom adhesion force to bridge attachment probability. 

turned off (see Fig. 4C and D) also produced life-like 
beating. This may provide a reasonable criteria for the 
choice of a value for K,. 

It should be noted that both the flagellar simulation 
and the ciliary simulation are produced using exactly the 
same switching algorithm. Furthermore, minor changes 
in the resting probability of bridge attachment in the P 
and R bend directions can produce a diverse array of beat 
patterns, many of which are observed in nature. 

A B 

Fig. 4. Start-up and arrest patterns of simulated cilia and flagella. The 
s mulated start-up behavior of a cilium-like 10 p,m axoneme with a 
fixed base (A) and a flagellum-like 30 p,m axoneme with a base free 
to pivot (B) each was started from a straight initial position. Every 
fourth iteration is displayed for the short axoneme corresponding to 
0.0004 ms intervals, and every sixth iteration is shown for the longer 
axoneme (0.0006 ms intervals). Modeling parameters are as given in 
Table I. The adhesion force generated by random bridge attachments 
cmses the initial excitability that starts an episode of interdoublet 
siding and initiates movement. If switching is arrested by greatly 
rcducing the feedback from t-force (reducing the t-force scaling factor 
to loo), both the cilium-length axoneme and the flagellum-length 
axoneme show an arrest configuration (C and D, respectively). The 
%-rest position is the result of a balance between active torque from the 
dynein bridges and passive torque from stretched interdoublet links. 

The ratio of bridge force to the value of K, was 
also found to be important. Values of K, which produced 
1 fe-like arrest positions when the t-force switching was 

DISCUSSION 

In the hypothetical construct presented here, the 
structure and geometry of the axoneme contribute to the 
creation of force transverse to the axis of the axoneme 
(t-force), and this force is the principal regulator of the 
dynein-tubulin interaction. The behavior that results 
from this self-organizing system can be classified as a 
form of relaxation oscillator. The element of hysteresis, 
a necessary part of relaxation oscillators, is provided by 
the dynein bridges that contribute an adhesive force. This 
force maintains each episode of active sliding until the 
t-force is strong enough to overcome the adhesive con- 
tribution. Figure 7 illustrates the principal events in the 
beat cycle. The force of dynein bridge adhesion provides 
a type of excitability wherein attachment of a few bridges 
(possessing sufficient kinetic energy to make the initial 
attachment) locally decreases the interdoublet spacing, 
thereby increasing the probability of additional attach- 
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Fig. 6. The t-force profiles of the cilium simulation, The values of the 
t-force function at intervals during the beat cycle of the cilium simu- 
lation are plotted versus position along the cilium. A shows the t-force 
for the P bridge side of the axoneme, and B displays the t-force for the 
R bridge side. The numbered plots are at 26 iteration intervals (2.6 
ms), and are distributed over one beat cycle. Note the organized prop- 
agation of the t-force, especially the negative bridge-terminating epi- 
sodes. Also note that the basal initiation and termination of new epi- 
sodes of bridge activity can be explained by the fact that t-force is 
maximal near the base of the axoneme. 

ments. This is not unlike the feedback process involved 
in the action potential of excitable membranes where 
opening of some sodium channels contribute a Nat cur- 
rent that depolarizes the membrane and increases the 
probability of opening other channels. In the neuron, this 
leads to the excitability producing the action potential. In 
the axoneme, it leads to the initiation of an episode of 
interdoublet sliding. Transfer of force across the ax- 
oneme, as illustrated in Figure 3B, insures that one ex- 
citable event in one bend direction will always dominate. 
This behavior is observed in the computer simulation 
when the flagella/cilia starts from a straight position. 
Once bending is initiated by the cascade of dynein bridge 
activation, it can only be terminated when the t-force 
developed in the structure overcomes the adhesive force. 

As seen in Figure 6, t-forces are largest at the base of the 
cilium/flagellum, and it is in the region near the base that 
t-force initiates bridge deactivation. Once oscillation be- 
gins, the t-force distribution becomes the organizing 
principle governing the onset and termination of each 
subsequent dynein-tubulin sliding episode. Events in a 
complete cycle of oscillation are schematically repre- 
sented in Figure 7. Each new episode of bridge attach- 
ment is initiated by a positive t-force and a resultant 
cascade of attachment. The attached bridges act to re- 
verse the bend direction. Once the bend direction re- 
verses, the same bridges ultimately contribute the force 
to generate a large negative t-force near the base of the 
structure. This large negative t-force, seen in Figure 6 
during operation of the model, overpowers the bridge 
adhesion. Once bridge adhesion is overcome, a cascade 
of detachment propagates along the cilium (or flagellum) 
with the aid of a negative t-force travelling wave (Fig- 
ure 6). 

As developed here, the computer simulation oper- 
ates well incorporating physical values consistent with 
published figures based on experimental determinations. 
The values of the passive stiffness and the drag coeffi- 
cient were taken from Rikmenspoel and Rudd [ 19731. 
The dynein bridge force used in the ciliary model as 
shown in Figure 5 was 1.2 X lop7 dynes per dynein 
head. The value used in the flagellar simulation was 4.2 
X dyneddynein head. Published measured values 
for dynein force range from = 5.0 X lo-’ dynedhead 
[Kamimura and Takahashi, 1981; Gittes et al., 19931 up 

Fig. 7. The beat cycle of the axoneme. In this simplified schematic, 
the events on the P and R sides of the axoneme are illustrated to 
present, in a step-wise format, the hypothetical mechanism by which 
the axoneme develops oscillations. 1: Starting in the straight position, 
both bridge sets have a base level of random bridge attachments. 2: A 
cascade of attachments on one side (usually the side with the higher 
base level probability of attachment) begins an episode of sliding and, 
due to force transfer, simultaneously inhibits the opposing side (see 
Fig. 3B). 3: As bending increases, a negative t-force develops on the 
active side of the axoneme and is strongest near the base. Force trans- 
fer continues to inhibit the opposite side, but becomes weaker as 
detachment of dynein bridges proceeds. 4: A propagating area of 
bridge detachment on the P bridge side is accompanied by a positive 
t-force from passive bending on the R bridge side, and this ensures a 
cascade of bridge activation on the R side. 5: Curvature is now re- 
versing due to the R bridge forces. P bridges are temporarily inhibited 
by force transfer from the R bridge side. 6:  The curvature is now 
favorable for production of a negative t-force near the base on the R 
bridge side, and deactivation begins there. Meanwhile, a new cycle is 
beginning on the P bridge side, as positive t-force from passive links 
and residual active bridges contribute to activation. Arrows labeled P 
are passive force contributions originating from stretching the passive 
interdoublet links. Arrows labeled A are active forces from bridges, 
and A* indicates active force transferred from the opposite side. 
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Fig 5 .  Simulated flagellum and cilium. The output of the axonemal 
simulation is displayed for a full beat cycle. In A, a 30 pm long 
“fl~igellum” with a freely pivoting base is displayed every 12th iter- 
ation. In B, a 10 pm long “cilium” with an anchored base is shown 
eve y 8th iteration. First and last iterations are numbered, and the 
direction of movement of the cilium is indicated with an arrow. The 
modeling parameters are given in Table 1, and are scaled to the phys- 
ical dimensions of an axoneme in cgs units. The pattern of dynein 

bridge attachment along the axoneme is also displayed below each 
simulation. The iterations shown are the same as for the plotted sim- 
ulations. At each iteration, thirty entries are displayed for the P bridges 
(upper) and the R bridges (lower). They are presented in order from 
the base to the tip. The entry number (from 0 to 9) indicates the 
percentage of engaged bridges (i.e., 7 = 70-79%, 8 = 80-89%, 
etc.). The episodes of bridge engagement, propagation, and detach- 
ment can be followed through the beat cycle. 
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tc 2.6 x lop7 [Ashkin et al., 19901. Thus, both values 
used in the simulations are close to the reported values 
dcrived from experimental estimates. Finer tuning of the 
dynein force values requires information not yet in evi- 
dence, such as the number of bridges engaged at any 
instant in time, the duration of force production by a 
single active bridge, and whether or not force production 
depends on engaging all the heads of a dynein arm. The 
choice of bridge force values in the model was based 
simply on matching the simulation output to the beating 
ol real cilia and flagella. The close initial correspon- 
dt:nce of the simulation-determined force values with 
published measurements is very encouraging. 

If this proposed mechanism for flagellar oscillation 
is correct, several new concepts become central to un- 
derstanding axonemal functioning. The first is the t-force 
itself, which appears to organize into patterns resembling 
solutions to Bessel’s equation. This may make possible 
more mathematically elegant descriptions of the t-force 
in the future. 

A second major participant in the organization of 
the flagellar beat is side-to-side force transfer. The cur- 
rent model, as well as an earlier, less sophisticated ver- 
sion [Lindemann, 19941, both find that the optimal force 
transfer to reproduce cilia/flagella-like beating is be- 
tween 0.1 and 0.3 (10-30%). 

The role of the passive linkers is the third integral 
ccnstituent in this view of how the axoneme functions. In 
order for the simulation to work at all, the links must be 
assigned an elastic constant (KE). The value assigned to 
this constant affects the operation of the model. All 
sources appear to acknowledge the existence of interdou- 
blet linkers. Several published measurements of the 
nexin link spacing generally agree on a repeat pattern of 
approximately 100 nm [Stephens, 1970; Warner, 1976; 
Witman et al., 1978; Burgess et al., 19911. The high 
quality micrographs of Goodenough and Heuser [ 19851, 
and of Sugrue et al. [1991] also make a credible case for 
another set of peripheral links (in register with the 24 nm 
spacing of the dynein arms). These linkages were first 
mentioned by Witman et al. [1978], but have received 
less attention. Goodenough and Heuser’s work suggests 
these interdoublet links are extensions of the dynein 
stalks which remain attached to the B microtubule of the 
adjacent doublet. If this is so, these additional links 
would also have to be considered as part of the elastic 
component comprising K, in the model. There is also 
some controversy as to the persistence of the nexin con- 
neztions throughout the beat cycle [Warner, 19831. Con- 
sequently, a specific assignment of the elements respon- 
sible for the interdoublet elastic constant (KE) is not 
possible without further experimental clarification. If we 
assume that only the nexin links contribute to the passive 
elastic force, then the value of KE can be used to assign 

an elastic constant to the individual nexin links (as was 
done in Table I). More likely, the relative contribution of 
two sets of links will complicate matters. Nonetheless, 
the total elastic constant of all linkages combined must 
still meet the same criteria. 

Ciliary and flagellar arrest may have direct bearing 
on this issue. Both cilia and flagella will often arrest at 
one extreme of the beat cycle. If one assumes this is due 
to a failure in the switching mechanism, as Satir has 
suggested [Satir, 1985; Satir and Matsuoka, 19891, then 
the balance point observed in arrest amounts to a static 
balance between the forces of the active dynein bridges 
and the resistance of the passive linkages. In fact, if the 
computer simulation is allowed to arrest due to a switch- 
ing failure, it assumes a final balance configuration re- 
sembling the switching arrest position of live cilia (Fig. 
4C). The so-called “candy cane” shape observed in sea 
urchin sperm can also be generated in a longer simulation 
(30 pm) using the same procedure (Fig. 4D). If the as- 
sumption is correct that arrest represents a balance be- 
tween the constraining passive elastic linkers and the 
bridge forces, then by choosing a KE value which gives 
a pattern of arrest matching that of real cilia and flagella, 
we can find reasonable values for K,. The ciliary and 
flagellar simulations shown in Figures 6 and 7 were gen- 
erated using KE values that produce life-like arrest pat- 
terns (shown in Fig. 4C and D). 

It is well established that the motility of both cilia 
and flagella is regulated by CAMP dependent phosphor- 
ylation. At the same time, regulation of the dynein active 
site by phosphorylation has not yet been shown. The 
sites of phosphorylation that have been identified are on 
a regulatory light chain [Hamasaki et al., 19911, or on 
parts of the (Y heavy chain beyond the active site, and 
toward the base of the molecule [Stephens and Prior, 
19921. While these locations are not consistent with reg- 
ulating the enzymatic site of the dynein, they could mod- 
ulate arm flexibility or configuration, as was suggested 
by Stephens and Prior [ 19921. In the context of this 
model, changes in the dynein stalk or the head configu- 
ration would directly effect the adhesion force mecha- 
nism (Fig. 3), and the base probability of bridge attach- 
ment. Both of these parameters are key values in 
establishing stable oscillations, and both can cause ces- 
sation of motion if adjusted out of the range that permits 
completion of an activity cycle. 

In order to simulate a ciliary beat, it is necessary to 
use different initial or base probabilities (Base.P in Equa- 
tion l l )  for bridge attachment of the P and R bridges. In 
real cilia this may correspond to either a very slight dif- 
ference in the resting length of the passive links on the 
two sides of the axoneme, or a slightly modified dynein 
population on each side of the axoneme. Differences 
between the two sides of the axoneme, in sensitivity to 



Geometric Clutch Model of Axonemal Function 153 

certain inhibitors, have been reported [Larsen and Satir, 
1991; Lindemann et al., 1992; Kanous et al., 19931. 
Small adjustments in the two initial probabilities can 
generate a wide range of symmetries in the resulting beat 
pattern [Lindemann, 19941. In a living cilium or flagel- 
lum, the presence of a calcium-binding protein capable 
of changing shape or length in response to Ca2+ binding 
would be sufficient to change the base probability if it 
were located in the interdoublet links, or in the dynein 
regulatory complex on only one side of the axoneme. 
This could provide a mechanistic explanation for the di- 
verse beating patterns observed in nature, with an elegant 
economy in the required modifications to the basic ax- 
onemal structure. 

CONCLUSION 

In conclusion, the proposed model provides an ex- 
planation for the process of dynein bridge switching 
based on the transverse forces generated within the beat- 
ing axoneme. The hysteresis needed to permit each epi- 
sode of bridge action to persist long enough to trigger 
bridge activation in the opposite bend direction is pro- 
vided by adhesive forces contributed by attached dynein 
bridges. Bridge adhesion also provides a type of colli- 
gative excitability, making it possible for self-initiation 
of beating to occur. When this hypothetical picture of 
axonemal functioning is incorporated into a computer 
simulation, the simulation exhibits many properties of 
living cilia and flagella. The simulation can: (1) self- 
initiate motility, quickly stabilizing into a repetitive pat- 
tern of beating; (2) produce both cilia-like and flagella- 
like beating patterns, solely determined by the assigned 
length and relative probabilities of dynein bridge attach- 
ment in the two bend directions; and (3) function under 
the constraints of physical scale and measured properties 
of living cilia and flagella. 

While this model of axonemal functioning is (at 
present) only a simplistic approximation, it supports the 
possibility that the switching mechanism described here 
may provide a key to understanding the beat cycle of 
living cilia and flagella. 

ACKNOWLEDGMENTS 

My sincere thanks to Ms. Kathleen Kanous for ex- 
tensive support in the production of this work with tech- 
nical, scholarly and editorial input. This grant was sup- 
ported by NSF grant MCB-9220910. 

REFERENCES 

Afzelius, B. (1959): Electron microscopy of the sperm tail: Results 
obtained with a new fixative. J. Biophys. Biochem. Cytol. 

Ashkin, A,,  Schutze, K.,  Dziedzic, J.M., Euteneuer, U., and Schli- 
wa, M. (1990): Force generation of organelle transport mea- 
sured in vivo by an infrared laser trap. Nature 348:346-348. 

Brokaw, C.J. (1965): Non-sinusoidal bending waves of sperm fla- 
gella. J .  Exp. Biol. 43:155-169. 

Brokaw, C.J. (1971): Bend propagation by a sliding filament model 
for flagella. J .  Exp. Biol. 55:289-304. 

Brokaw, C.J. (1972): Computer simulation of flagellar movement. I. 
Demonstration of stable bend propagation and bend initiation 
by the sliding filament model. Biophys. J. 12564-586. 

Burgess, S.A., Carter, D.A., Dover, S.D., and Woolley, D.M. 
(1991): The inner dynein arm complex: Compatible images 
from freeze-etch and this section methods of microscopy. J. 
Cell Sci. 100:319-328. 

Gibbons, B.H., and Gibbons, I.R. (1973): The effect of partial ex- 
traction of dynein arms on the movement of reactivated sea- 
urchin sperm. J. Cell Sci. 13:337-357. 

Gibbons, 1.R. (1961): The relationship between the fine structure and 
direction of heat in gill cilia of a lamellibranch mollusc. J .  
Biophys. Biochem. Cytol. 11:179-205. 

Gittes, F., Mickey, B., Nettleton, J. ,  and Howard, J. (1993): Flexural 
rigidity of microtubules and actin filaments measured from 
thermal fluctuations in shape. J. Cell Biol. 120:923-934. 

Goodenough, U.W., and Heuser, J.E. (1985): Substructure of inner 
dynein arms, radial spokes, and the central pairiprojection 
complex of cilia and flagella. J .  Cell Biol. 100:2008-2018. 

Hamasaki, T., Barkalow, K. ,  Richmond, J . ,  and Satir, P. (1991): 
CAMP-stimulated phosphorylation of an axonemal polypeptide 
that copurifies with the 22s dynein arm regulates microtubule 
translocation velocity and swimming speed in Paramecium. 
Proc. Nat. Acad. Sci. USA 88:7918-7922. 

Kamimura, S. ,  and Takahashi, K .  (1981): Direct measurement of the 
force of microtubule sliding in flagella. Nature 293366-568. 

Kamiya, R., and Okagaki, T. (1986): Cyclical bending of two outer- 
doublet microtubules in frayed axonemes of Chlamydumonas. 
Cell Motil. Cytoskeleton 6580-585. 

Kanous, K.S., Casey, C. ,  and Lindemann, C.B. (1993): Inhibition of 
microtubule sliding by Ni2+ and Cd2+:  Evidence for a differ- 
ential response of certain microtubule pairs within the bovine 
sperm axoneme. Cell Motil. Cytoskeleton 26:66-76. 

Larsen, J . ,  and Satir, P. (1991): Analysis of NiZc-induced arrest of 
Paramecium axonemes. J. Cell Sci. 99:33-40. 

Linck, R.W. (1979): Advances in the ultrastructural analysis of the 
sperm flagellar axoneme. In Fawcett, D.W., and Bedford, 
J.M. (eds.): “The Spermatozoon.” Baltimore: Urban and 
Schwarzenberg, pp. 99-1 15. 

Lindemann, C.B. (1994): A “geometric clutch” hypothesis to explain 
oscillations of the axoneme of cilia and flagella. J. Theor. Biol. 
168: 175-189. 

Lindemann, C.B., and Gibbons, I.R. (1975): Adenosine triphosphate- 
induced motility and sliding of filaments in mammalian sperm 
extracted with Triton X-100. J .  Cell Biol. 65:147-162. 

Lindemann, C.B., and Rikmenspoel, R. (1972): Sperm flagella: Au- 
tonomous oscillations of the contractile system. Science 175: 

Lindemann, C.B., Orlando, A , ,  and Kanous, K.S. (1992): The flagel- 
lar beat of rat sperm is organized by the interaction of two 
functionally distinct populations of dynein bridges with a stable 
central axonemal partition. J .  Cell Sci. 102:249-260. 

Machin, K.E. (1963): The control and synchronization of flagellar 
movement. Proc. Roy. SOC. Lond. B. 158:88-104. 

Olson, G.E., and Linck, R.W. (1977): Observations of the structural 
components of flagellar axonemes and central pair microtu- 

337-338. 

. -  

5:269-278. bules from rat sperm. J .  Ultrastruct. Res. 61:21143 



154 Lindemann 

Phillips, D.M. (1972): Comparative analysis of mammalian sperm 
motility. J .  Cell Biol. 53:561-573. 

Rikmenspoel, R. (1965): The tail movement of bull spermatozoa. 
Observations and model calculations. Biophys. J .  5:365-392. 

Rikmenspoel, R. (1971): Contractile mechanisms in flagella. Bio- 

Rikmenspoel, R., and Rudd, W.G. (1973): The contractile mechanism 
in cilia. Biophys. J. 13:955-993. 

Sale, W.S. (1986): The axonemal axis and Ca*+-induced asymmetry 
of active microtubule sliding in sea urchin sperm tails. J. Cell 
Biol. 102:2042-2052. 

Sale, W.S., and Satir, P. (1977): Direction of active sliding ofmicro- 
tubules in Tetrahymena cilia. Proc. Nat. Acad. Sci. USA 74: 

Satir, P. (1985): Switching mechanisms in the control of ciliary mo- 
tility. Mod. Cell Biol. 4:l-46. 

Sarir, P., and Matsuoka, T.  (1989): Splitting the ciliary axoneme: 
Implications for a “Switch-Point” model of dynein arm activ- 
ity in ciliary motion. Cell Motil. Cytoskeleton 14:345-358. 

Stephens, R.E. (1970): Isolation of nexin-the linkage protein respon- 
sible for maintenance of the nine-fold configuration of flagella 
axonemes. Biol. Bull, (Woods Hole) 139:438. 

Stt:phens, R.E., and Prior, G. (1992): Dynein from serotonin-acti- 
vated cilia and flagella: Extraction characteristics and distinct 
sites for CAMP-dependent protein phosphorylation. J. Cell Sci. 

Sugrue, P., Avolio, J., Satir, P., and Holwill, M.E.J. (1991): Com- 
puter modeling of Tetruhyrnena axonemes at macromolecules 
resolution. Interpretation of electron micrographs. J. Cell Sci. 
98516. 

Sunmers, K. (1975): The role of flagellar structures in motility. Bio- 
chim. Biophys. Acta. 416:153-168. 

Sunmers, K.E., and Gibbons, 1.R. (1971): Adenosine triphosphate- 

phys. J. 111446-463, 

2045-2049. 

103:999-1012. 

induced sliding of tubules in trypsin-treated flagella of sea ur- 
chin sperm. Proc. Nat. Acad. Sci. USA 68:3092-3096. 

Summers, K.E., and Gibbons, I.R. (1973): Effects of trypsin diges- 
tion on flagellar structures and their relationship to cell motil- 
ity. J. Cell Biol. 58:618-628. 

Tamm, S.L., and Horridge, G.A. (1970): The relationship between 
the orientation of the central fibrils and the direction of beat in 
cilia of Opalina. Proc. Roy. Soc. Lond. B. 175:219-233. 

Tamm, S.L., and Tamm, S. (1984): Alternate patterns of doublet 
microtubule sliding in ATP-disintegrated macrocilia of the 
ctenophore Beroe. J .  Cell Biol. 99:1364-1371. 

Warner, F.D. (1976): Ciliary inter-microtubule bridges. J .  Cell Sci. 
2O:lOl-114. 

Warner, F.D. (1978): Cation-induced attachment of ciliary dynein 
cross-bridges. J .  Cell Biol. 77:R19-R26. 

Warner, F.D. (1979): Cilia and flagella: Microtubule sliding and reg- 
ulated motion. In Roberts, K . ,  and Hyams, J.S. (eda.): “Mi- 
crotubules.” New York: Academic Press, Inc., pp. 359-380. 

Warner, F.D. (1983): Organization of interdoublet links in Tetruhy- 
menu cilia. Cell Motil. 3:321-332. 

Warner, F.D., and Mitchell, D.R. (1978): Structural conformation of 
ciliary dynein arms and the generation of sliding forces in Tet- 
ruhymenu cilia. J .  Cell Biol. 76:261-277. 

Warner, F.D., and Satir, P. (1974): The structural basis of ciliary bend 
formation. Radial spoke positional changes accompanying mi- 
crotubule sliding. J. Cell Biol. 63:35-63. 

Witman, C.B., Plummer, J.. and Sander, C. (1978): Chlumydomonas 
flagellar mutants lacking radial spokes and central tubules. J. 
Cell Biol. 76:729-747. 

Zanetti, N.C., Mitchell, D.R., and Warner, F.D. (1979): Effects of 
divalent cations on dynein cross bridging and ciliary microtu- 
bule sliding. J .  Cell Biol. 80573-588. 




