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Glass microprobes were used to measure the stiffness of the flagella of Triton
X-100-extracted rat sperm models. The sperm models were treated with 50 �M
sodium vanadate and 0.1 mM Mg-ATP to evaluate the stiffness of the passive
flagellar structure without the influence of the dynein motor proteins. The passive
stiffness was determined to be 4.6 (� 1.1) � 10�19 N � m2. Rat sperm models
exposed to greater than 10�5 M calcium ions exhibit a strong bend in the basal
40 �m of the flagellum, resulting in a fishhook-like appearance. The torque
required to bend a passive rat sperm flagellum into the fishhook-like configuration
was determined. The result was compared to the previously published measure-
ment of the torque required to straighten the flagella of rat sperm in the Ca2�-
induced fishhook configuration [Moritz et al., 2001: Cell Motil. Cytoskeleton
49:33–40]. The torque required to induce a fishhook in a passive flagellum was
2.7 (� 0.7) � 10�14 N � m and the torque to straighten an active Ca2�-induced
fishhook was 2.6 (� 1.4) � 10�14 N � m. These values are identical within the
limit of error of the measurement technique. This finding suggests that the
fishhook configuration observed in the Ca2� response of rat sperm is the result of
a Newtonian equilibrium, where active torque produced by dynein is counterbal-
anced by an equal and opposite passive torque that results from bending the
flagellum. Consistent with this mechanism, the Ca2�-induced fishhook configu-
ration is progressively relaxed by incremental increases in sodium vanadate
concentration. This supports an active role of the dynein motors in producing the
torque for the response. When rat sperm respond to Ca2�, the bend in the
flagellum always forms in the direction opposite the curvature of the asymmetric
sperm head. Based on this polarity, the bending torque for the Ca2� response must
result from the action of the dyneins on outer doublets 1 through 4. Cell Motil.
Cytoskeleton 59:169–179, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

Eukaryotic flagella are the motile organelles that
power sperm motility. Waves of bending propagate from
the base toward the tip of the flagellum and result in the
necessary thrust to propel the sperm forward. In the
sperm of all species that have been studied, the pattern of
wave formation is altered by the concentration of free
Ca2� ion within the flagellar axoneme [for review see
Lindemann and Kanous, 1997]. In most cases, as the free
Ca2� ion concentration increases, the bending waves
become increasingly asymmetric, with a greater curva-
ture in one bending direction than in the opposite direc-

tion. This causes the swimming pattern to change from a
more linear pattern at low Ca2� ion concentration, to a
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more circular or tumbling pattern at higher Ca2� con-
centrations.

In mammalian sperm, the tumbling pattern is called
“hyperactivated” motility [Fraser, 1987; Suarez et al.,
1993], and it usually occurs in the female tract preceding
fertilization [Katz and Yanagimachi, 1980]. In sperm
from invertebrate organisms, it was shown that the
curved swimming pattern is used for chemotaxis toward
a chemical attractant released from egg jelly [Miller and
Brokaw, 1970; Brokaw et al., 1974]. It was demonstrated
that the response to Ca2� at high concentration leads to
the arrest of flagellar beating at one extreme of the beat
cycle. This produces candy-cane-shaped arrested flagella
in sea urchin sperm [Gibbons, 1980; Gibbons and Gib-
bons, 1980] and fishhook-shaped arrested flagella in rat
and mouse sperm [Lindemann and Goltz, 1988; Linde-
mann et al., 1990], as seen in Figure 1. Cilia also show
arrest of the beat cycle in response to Ca2� [Satir, 1975;
Satir et al., 1976], and the “hands up” arrest pattern is
surprisingly similar to the fishhook of rat sperm [Satir et
al., 1991].

The fishhook configuration requires pCa � 5 and it
is most readily induced if the sperm are pre-incubated in
cAMP [Lindemann et al., 1991]. Fishhook formation is
inhibited by the presence of nickel ion and cadmium ion
[Lindemann and Goltz, 1988; Kanous et al., 1993]. Ad-
ditionally, both Ni2� and Cd2� were shown to inhibit the
sliding action of the dyneins on the side of the axoneme
that must form the fishhook, and had less effect on the
dyneins on the opposing side [Lindemann et al., 1992,
1995]. These findings all suggest that the same factors
that influence dynein-driven motility also interfere with
fishhook formation. This leads us to hypothesize that the

fishhook configuration is a product of dynein-based force
production.

If formation of the fishhook is a dynein-driven
phenomenon, then the most direct test of the hypothesis
would be to specifically disable the dynein arms and
observe the effect on the fishhooks. Sodium metavana-
date (NaVO3) has been reported to be a specific blocker
of dynein [Gibbons et al., 1978], which leaves the fla-
gellum in the relaxed condition [Sale and Gibbons, 1979;
Okuno, 1980]. An earlier study found that in the presence
of sufficient NaVO3 to arrest the motility of reactivated
sperm models (2 �M), the fishhooks could still be pro-
duced [Lindemann and Goltz, 1988]. However, higher
concentrations of NaVO3 (� 10 �M) inhibited the main-
tenance of fishhooks in rat sperm [Lindemann et al.,
1992] and of candy canes in sea urchin [Gibbons and
Gibbons, 1980].

In this study, we combine a biophysical and bio-
chemical approach to decipher the fishhook-producing
mechanism. We measure the torque required to bend a
passive rat sperm into a fishhook configuration utilizing
force-calibrated glass microprobes. To render an intact
rat sperm flagellum into a relaxed or passive state, we
explored and evaluated methods to disable dynein while
inducing a minimum amount of structural damage to the
flagellum. Passive flagella were produced using a modi-
fication of a procedure developed by Gibbons and Mocz
[1991] that renders the dyneins inactive by inhibition
with an excess of NaVO3. We then compare the applied
torque needed to form a fishhook in the absence of
functional dynein to that required for straightening a
fishhook as reported recently by Moritz et al. [2001]. The
results yield new insight into the mechanism of the Ca2�

response.

MATERIALS AND METHODS

Microprobe Production and Calibration

Microprobes were made and force-calibrated fol-
lowing the methods detailed in Schmitz et al. [2000].
Briefly, microprobes were made by pulling 1-mm boro-
silicate glass rod (Sutter Instrument Co., Novato, CA) to
a taper length of 8–9 mm and a final tip diameter of
� 1 �m. Horizontally mounted probes were calibrated
by electrostatically adhering �45 �m polystyrene beads
(Polysciences, Inc., Warrington, PA) to the tip of the
probe and measuring the resultant probe displacement
with an ocular micrometer [Van Buren et al., 1994]. The
density of the beads is known (1.05 g/cm3), while the
actual size of each bead and its location on the probe was
determined microscopically. With this information, it
was possible to accurately determine the force applied to
the probe by the attached bead(s). The mean probe stiff-

Fig. 1. Comparison of a vanadate-treated passive rat sperm flagellum
manipulated into a fishhook to a rat sperm flagellum in a Ca2�-induced
fishhook. a: A rat sperm treated with 50 �M NaVO3 is manipulated
with a microprobe into a shape that resembles a Ca2�-induced fish-
hook. b: A Triton X-100 extracted rat sperm was reactivated with
1 mM Mg-ATP and then treated with 1 mM Ca2� to induce the
formation of a fishhook. Bar 	 20 �m.
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ness value from a number of individual calibration points
for each probe used in the study is presented in Table I.
Probe stiffness values in Table I are extrapolated to the
probe tip by regression analysis from the individual cal-
ibrations using the method in Schmitz et al. [2000].

Sperm Preparation

Sexually mature male Sprague-Dawley rats (Har-
lan, Indianapolis, IN) were euthanized by CO2 asphyxi-
ation. Sperm were removed from the caudal epididymis
by opening it with a razor and gently expressing the
sperm onto the surface of a plastic Petri dish. The cells
were immediately covered with sodium citrate buffer
(0.097 M sodium citrate, 2 mM fructose, and 5 mM
magnesium sulfate, pH 7.4). All chemical reagents used
in this study were purchased from Sigma Chemical Co.
(St. Louis, MO) unless stated otherwise. The sperm were
allowed to disperse into the fluid. The final suspension,
used as the stock sperm solution, was a combination of
all the Petri dish sperm cell suspensions. The total vol-
ume of this stock solution varied slightly for each exper-
imental run but was not more than 6 ml.

Dynein Inactivation for Torque and
Stiffness Measurements

In order to measure the passive stiffness of the
flagellum, it was essential to find a treatment protocol
that disabled dynein and reduced the flagellar stiffness to
a minimum without creating structural damage. Several
approaches were evaluated for effectiveness before set-
tling on the method adopted for this study. Lindemann et
al. [1973] used very high ATP (�10 mM) to induce a
flaccid, or relaxed, state in impaled bull sperm in their
study of the rigor and relaxed state in flagella. We eval-
uated this approach as well as two methods that used
NaVO3, with and without UV photolysis, to induce the
relaxed state in flagella [Okuno, 1980; Gibbons and
Mocz, 1991]. Both 10 mM ATP and 50 �M NaVO3

produced about the same stiffness in the rat sperm fla-
gellum but the 10 mM ATP protocol was not stable in

time with a gradual increase in stiffness, which could
only be overcome by repeated additions of ATP. The
combination of NaVO3 and UV irradiation caused the
flagella to exhibit a plastic behavior, which was very
non-elastic. The flagella would conform to whatever
shape was initially imparted with the microprobe and
could only be straightened again with difficulty. This
would suggest that the photocleaved dyneins actually
create a substantial internal frictional drag that inhibits
free sliding of the doublets (or other structures). As
interesting as this may be in its own right, it is clearly not
the passive condition we hoped to achieve for a measure-
ment of the base level of stiffness of the flagellum.

The best results were obtained with 50 �M NaVO3

using the procedure developed by Gibbons and Mocz
[1991], but without the UV irradiation step. This method
required three separate unique solutions. The first solu-
tion, the extraction treatment mixture, contained 0.45 M
sodium acetate, 2.5 mM magnesium acetate, 0.5 mM
EDTA, 50 �M NaVO3, and 10 mM HEPES (Fisher
Scientific, Bartlett, IL) in a total volume of 3 ml. The
second solution, the extracted sperm mixture, was a
combination of 0.5 ml of the extraction treatment mixture
with 0.6 �l of 10% Triton X-100 (Pierce, Rockford, IL)
and 100 �l of the stock sperm solution added. The third
and final solution, the reactivation treatment, was the
same as the extraction treatment mixture except that
0.1 mM ATP (Fisher Scientific) and 60 �l of the ex-
tracted sperm solution were added. The NaVO3 solution
was always made fresh on the day of the experiment to
prevent the possibility of oxidation.

This method yielded flagella that were as flaccid as
can be obtained with the method of Lindemann et al.
[1973], but the stiffness is more time-stable and does not
change over the course of an hour. Treatment with a
higher NaVO3 concentration (100 �M) yielded no fur-
ther reduction in stiffness, and tended to make the fla-
gella stick readily to the microprobe and the chamber.
The Triton X-100 concentration (0.01%) is low to min-
imize the impact on the stiffness of structural proteins,

TABLE I. Calibration Data for Glass Microprobes*

Probe
No. of calibration

points Pre/post usage
No. of force

measurements
Mean force of

calibrations (N/�m)

A 10 Pre 1 5.69 � 10�11

B 9 Pre 3 2.25 � 10�11

C 14 Pre and post 14 2.72 � 10�11

D 18 Pre and post 13 4.09 � 10�11

E 12 Pre 7 8.86 � 10�12

F 20 Pre and post 6 9.67 � 10�12

G 10 Pre 7 2.43 � 10�11

H 10 Pre 19 1.12 � 10�11

*Pre/post usage defines when calibrations were performed in relation to experiments.
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but is still sufficient to permeablize the cells to ATP and
NaVO3.

A volume of 1.35 ml of the reactivation treatment
mixture was transferred to an acrylic chamber (1 � 3 cm
opening) with a glass coverslip bottom. In order to make
the sperm heads adhere more readily to the slide cham-
ber, it was washed with 0.05M KOH, then rinsed with
distilled water, washed with 100% acetone, and, lastly,
rinsed with distilled water. This chamber was accessible
to micromanipulation when placed on a Nikon TE 2000U
inverted microscope. All measurements were made
within 1 h of initiating the preparatory procedure, during
which time the sperm appeared to be structurally stable.

Vanadate Treatment of Ca2�-Induced Fishhooks

In order to evaluate the effects of NaVO3 concen-
tration on the curvature of a Ca2�-hooked flagellum, rat
sperm were reactivated and treated with Ca2� using the
following method. For each reactivation, 10 �l of stock
sperm solution was added to 3 ml of a reactivation
mixture in a cell culture dish. The reactivation mixture
(pH 7.8) contained 0.024 M potassium glutamate,
0.132 M sucrose, 0.02 M Tris-HCl (Fisher Scientific,
Itasca, IL), 1 mM dithiothreitol (DTT) (Roche, Indianap-
olis, IN), 2 mM MgSO4, 0.5 mM EGTA, and 0.1% Triton
X-100. After initial observation for the absence of mo-
tility, 0.3 mM ATP and 3 �M cAMP (Roche) were
added. Lastly, 1 mM CaCl2 (final concentration) was
added to induce the “fishhook” response. This corre-
sponds to a free Ca2� concentration of 1.7 � 10�4 M.
After a sperm responds to Ca2�, the hooked midpiece
region seldom shows active motility. The distal portion
of the flagellum will sometimes continue to beat or jitter,
but the hook is usually stationary.

The sperm were allowed 10 min to respond to
Ca2�. NaVO3 was then added to the reactivation mixture
at 5-min intervals effectively increasing the concentra-
tion of NaVO3 in the treatment to 1, 5, 10, 20, and
50 �M.

Force Measurements and Video Microscopy

To minimize extraneous probe oscillation due to
vibration, all experiments were performed on a Micro-g
vibration isolation table (Technical Manufacturing Corp.,
Peabody, MA). Experiments were viewed with phase
contrast illumination using either a Pulnix 9701 or 6710
camera (Sunnyvale, CA) mounted on the microscope.
Individual experiments were captured to the hard drive of
a custom built Pentium IV computer using Matrox’s
Inspector 4.0 software and Meteor II-digital framegrab-
ber (Dorval, Quebec, Canada).

The sperm selected for manipulation had no obvi-
ous gross defects, were adhered to the bottom of the
chamber by their heads, and showed unobstructed move-

ment of the flagellum. Force-calibrated microprobes
were used to bend individual cells into what resembles a
Ca2�-induced “fishhook” shape. Movement of the mi-
croprobe was controlled by Sutter Instrument’s MP-285
micromanipulator (Novato, CA). Once the cell was in a
stable fishhook configuration, the experimenter tapped
the tabletop forcing the cell and probe to oscillate
slightly. This was done to verify that neither the probe
nor the flagellum was stuck to the bottom surface of the
chamber. Typically, this was enough motion to cause the
cell to be freed from the probe. In instances when the cell
would not come free of the probe in this manner, one of
two other methods was employed. The first, and most
often used, method was to move the microscope stage
laterally. In the second method, the probe was moved
forward along its longitudinal axis and back to its orig-
inal position. The longitudinal movement released the
flagellum from contact with the probe. This can be done
without introducing any lateral displacement of the probe
because of the extreme stability of the three indepen-
dently controlled axes of the MP-285 motorized manip-
ulator.

The position of the probe following release was
considered to be the equilibrium position. Displacement
of the probe was determined by measuring the distance
between the equilibrium position of the probe and the
position of the probe prior to release from the flagellum.
All measurements were performed using either Inspector
3.1 or 4.0 (Matrox).

The midpoint of the flagellar segment used to mea-
sure radius of curvature was taken to be the position of
the curvature measurement. The flagellar length was
defined as the distance between the head/tail junction and
the midpoint of the curvature measurement. The lever
arm equaled the distance between the midpoint of the
curve and the contact point with the microprobe and was
often off from parallel with the axis of the microprobe.
Therefore, the displacing force exerted by the flagellum
on the probe was reduced, due to the fact that a compo-
nent of the applied force vector was parallel to the axis of
the microprobe. To correct for this, the angle of the lever
arm to the axis of the probe was measured. The corrected
force was found by dividing the measured force value by
the cosine of the intersection angle (as illustrated in
Fig. 2). Angles ranged from 0° to 40°.

To compose Figure 2, an image was selected to
show the position of the probe one frame before losing
contact with the flagellum and another with the probe at
the equilibrium position. Transparency film prints of the
two images were overlaid and aligned. The result was
scanned with a HP scanjet (Hewlett-Packard, Palo Alto,
CA). The background of the scanned image was reduced
using Inspector 4.0 and annotated with Adobe Photoshop
6.0 and PowerPoint 2000.
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For the measurements of passive stiffness, the same
basic method of manipulating a cell and calculating the
force was employed but not limited to one bending
direction and included measurements where the bend
was produced in the distal flagellum.

Curvature Measurements

In order to make a meaningful correlation between
the results of the previous report [Moritz et al., 2001] and
the results from this study, radius of curvature of cells
bent into a fishhook was measured on the same region of
the flagellum as in that report. Specifically, curvature was
determined by matching a computer-generated circle of
known radius to the curve of the flagellum between 6–
26 �m from the head/tail junction.

For the passive stiffness measurements, radius of
curvature was determined by matching a computer-gen-
erated circle of known radius to the tightest (most ex-
treme) curve in the portion of the flagellum proximal to
the probe-flagellum intersection point. The portion of the
flagellum where the curvature was measured was marked
on the image so that the midpoint of this arc could be
determined and used to find the flagellar position, the
lever arm, and the correction angle so that the adjustment
to the force vector could be made.

RESULTS

We measured the force required to bend NaVO3-
inhibited rat sperm flagella into fishhooks, as shown in
Figure 1a. A calibrated glass microprobe was used to
push on the flagellum of a sperm stuck to the microscope
chamber by its head and bend the proximal region of the
flagellum into a curve with a curvature ranging from
5–7.75 � 104 radians/m. This range of curvature is
similar to the curvature observed in a typical Ca2�-
induced fishhook as shown in Figure 1b. The NaVO3

treatment protocol was adopted from the work of Gib-
bons and Mocz [1991] and used to inhibit the function of
the axonemal dyneins. Therefore, the force required to
bend the flagellum should represent the mechanical re-
sistance to bending the passive flagellum.

Figure 2 shows a sperm in the imposed Newtonian
equilibrium with the measured parameters of the equi-
librium indicated. The curvature was measured in the
region from 6 to 26 �m from the base of the flagellum.
The lever arm used to calculate the applied torque was
the straight-line distance from the midpoint of the curved
region to the point of contact with the probe. The recoil
force vector exerted by the flagellum was taken to be
perpendicular to that lever arm. If the lever arm was at an
angle to the axis of the microprobe, only the component
of the force vector acting perpendicular to the probe axis
could contribute to probe displacement. Consequently,
the probe displacement represented only the fraction of
the total force vector that was perpendicular to the probe.
To find the total force vector, the force calculated from
the probe displacement was divided by the cosine of the
angle formed from the intersection of the lever arm with
the probe axis. In order to prevent this correction from
introducing unacceptable uncertainty, manipulated cells
where the correction angle was greater than 40° were not
included in our data set.

The lever arm multiplied by the corrected force
yielded an applied bending torque acting to bend the
dynein-inactivated flagellum into a fishhook. Table II
shows the applied bending torque to form a fishhook-like
bend in the NaVO3-inhibited cells. Table II also shows
the previously measured torque [Moritz et al., 2001]
required to straighten a Ca2�-induced fishhook with a
force-calibrated microprobe. The two values are remark-
ably similar. The change in curvature produced by the
application of a known amount of torque to an elastic
beam can be used to find the stiffness (elastic modulus)
of the beam by dividing the torque by the change in
curvature. The stiffness values found in this way for the
passive NaVO3 inhibited rat sperm flagellum and the
sperm in Ca2�-induced fishhooks are also given in
Table II and are quite similar.

Fig. 2. Measurement of the torque required to bend a passive rat
sperm flagellum into a fishhook configuration. An image of a rat sperm
flagellum treated with 50 �M NaVO3 with a force calibrated micro-
probe at equilibrium was overlaid by an image of the same flagellum
manipulated to resemble a Ca2�-induced fishhook response using the
same microprobe. e, position of the probe at equilibrium; s, location of
the same probe before losing contact with the flagellum; LA, lever arm
length; 
, angle of correction for off-axis force; d, displacement of the
probe. The markings on the flagellum indicate the region where the
radius of curvature was measured. Bar 	 20 �m.
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To assess the relationship of dynein functionality to
the torque that is acting in a fishhook, the following
experiment was carried out. Rat sperm models prepared
under the protocol used for reactivation of motility were
induced to form fishhooks by the addition of 1 mM
calcium chloride and allowed to stand for 10 min. After
this time, the sperm exhibited a moderate response to
Ca2�. The sperm were then subjected to incremental
increases in the concentration of NaVO3 at 5-min inter-
vals before image acquisition. The curvature of the mid-
piece region of the cells was measured from stored im-
ages, plotted as a function of the NaVO3 concentration,
and is displayed in Figure 3. The initial midpiece curva-
ture of the sperm prior to the addition of Ca2� is shown
in the first bar of the graph in Figure 3. The curvature
before Ca2� addition is in the opposite bending direction
as that induced by Ca2�. After NaVO3 addition, there
was a progressive reduction in the average midpiece
curvature. Little net curvature remained above 10 �M
NaVO3. This would support the view that as fewer dy-
neins remain in a functional condition, it is accompanied

by a reduction in the midpiece curvature. The pre-cal-
cium curvature cannot be taken as the equilibrium posi-
tion of the passive flagellum as it is more curved than the
relatively straight conformation that results after incuba-
tion in NaVO3.

It is known that the flagellum of a mammalian
sperm tapers in diameter due to the decrease in the size
of the outer dense fibers (ODFs) of the axoneme and
also the decreasing thickness of the fibrous sheath.
Therefore, we would expect that the stiffness of the
flagellum decreases with position along the flagellum.
Figure 4 shows the accumulated apparent stiffness
data from 70 separate determinations, including in-
stances where the bend was induced more distally
along the flagellum. The apparent stiffness was found
by dividing the torque applied to the flagellum by the
microprobe by the resulting curvature. The data is
plotted versus the position of maximum bending,
which was also the position at which curvature was
measured. The second order regression line provides
the first estimate of the profile of stiffness in a large

Fig. 3. The action of NaVO3 on the curvature of Ca2�-treated rat
sperm. Triton X-100 treated rat sperm models were induced to go into
Ca2� fishhooks by the addition of 1 mM CaCl2 in the presence of
0.5 mM EGTA and 0.3 mM Mg-ATP. The bars display the average
measured curvature (� SE) of the flagellar midpiece region from a
sampling of cells in several microscope fields. A total of 11 cells were
analyzed for each NaVO3 concentration. The first bar (left) represents
the mean curvature of the sample before Ca2� or NaVO3 addition,

while the second bar corresponds to the same sample 10 min after
Ca2� addition but prior to NaVO3 addition. Each of the subsequent 5
bars displays the flagellar curvature as NaVO3 concentration is in-
creased at 5-min intervals. The concentration of NaVO3 is shown
above each bar. For the last two bars, the curvature plotted is the
minimum that could be accurately measured. The average curvature
may be less than this value but cannot be larger.

TABLE II. Torque and Stiffness of Ca2�-Treated and Vanadate-Treated Rat Sperm Flagella

n
Mean curvature change

(radians/m)
Mean torque

(N � m)
Passive stiffness

(N � m2)

Straighten a
Ca2�-induced
fishhook

13 6.3 � 10�4 2.6 (� 1.4) � 10�14 4.3 (� 1.3) � 10�19

Bend NaVO3-treated cell
into a fishhook

9 5.8 � 10�4 2.7 (� 0.7) � 10�14 4.6 (� 1.1) � 10�19
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mammalian sperm derived directly from force mea-
surements rather than theoretical estimates.

The apparent stiffness was also determined from
thirteen torque measurements performed in the presence
of 0.1 mM NaVO3, and the stiffness values are included
in Figure 4 as open circles. The 0.1 mM NaVO3 failed to
produce a further reduction in the apparent stiffness
compared to 50 �M NaVO3. In fact, the stiffness of the
0.1 mM NaVO3-treated cells was slightly higher. This
may not be significant as these cells were harder to
manipulate and stuck more readily to the slide and probe.

Lindemann et al. [1973] showed that the recoil of
bull sperm flagella following release from a microprobe
follows an exponential decay to equilibrium and approx-
imates the behavior of an elastic beam in a viscous
medium. Treating the passive flagellum as an elastic
solid is a reasonable first approximation; however, it
should be noted that sperm flagella are not ideal solids
and do depart from simple elastic behavior. Figure 5a
shows that if the cluster of measurements at 60–75 �m

along the flagella is displayed as torque versus curvature,
there is the expected proportionality of increased torque
with increased curvature, albeit with scatter that is inher-
ent in the cell-to-cell measurements. Multiple measure-
ments obtained on the same cell also confirmed a linear
relationship with less scatter, as shown in Figure 5b. As
can be seen in both plots, the linear relationship does not
go to zero curvature at zero torque. This is because there

Fig. 4. The apparent stiffness of passive rat sperm flagella. The
apparent stiffness of rat sperm flagella is displayed as a function of
position along the flagellum. The sperm were Triton X-100 extracted
models treated with 50 �M NaVO3 (closed circles) or 0.1 mM NaVO3

(open circles) in the presence of 0.1 mM Mg-ATP to disable the
dynein arms. Each point represents the stiffness value obtained by a
force measurement with a calibrated glass microprobe. The force was
used to find the bending torque and this was divided by the measured
curvature at the point of the greatest induced bend to yield an apparent
stiffness. A total of 70 independent stiffness determinations are plot-
ted, and data include flagella bent in both bending directions. The
magnitude of stiffness shows an obvious correlation with the location
of the induced bend along the flagellum. The determinations in the
presence of 0.1 mM NaVO3 (open circles) show that using a higher
concentration of NaVO3 produces no further reduction in stiffness.
The second order regression line plotted is based on the 59 determi-
nations at 50 �M NaVO3 and gives an experimentally derived estimate
of the stiffness profile of a mammalian sperm flagellum. Fig. 5. Elastic properties of passive rat sperm flagella. The linearity

of the relationship between resistive torque and induced curvature is
examined in 50 �M NaVO3-treated rat sperm flagella. a: The large
cluster of stiffness measurements in Figure 4 between 60–75 �M is
further analyzed to examine the relationship between the induced
curvature and the resistive torque measured with the microprobe. The
plot suggests an underlying linear relationship in the cumulative data,
as indicated by the first order regression line, upon which experimental
scatter is superimposed. b: Experimental scatter is minimized by
conducting multiple determinations of resistive torque on a single cell
using the same calibrated microprobe for all measurements. The linear
relationship is improved over that seen in a. The linear regression lines
in both a and b do not intersect with the ordinate of the graph axis. This
was a consistent finding and is supported by the fact that the flagella
at rest after the manipulations (zero torque) usually exhibited some
residual curvature, indicating a departure from pure elastic behavior.
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is always some residual curvature in the direction of
bending that persists after the flagellum is released.

The degree of residual curvature is greater if the
flagellum is bent sharply and held in a bend for a longer
period. All of the stiffness determinations displayed in
Figure 4 were made in the curvature range of 3–10 �
104 radians/m where the relationship of curvature to
torque is relatively linear. Nonetheless, the deviation
from ideal elastic behavior is likely to be responsible for
some of the scatter. The apparent stiffness plotted in
Figure 4 was found by dividing the total torque by the
total curvature. Applying this to the individual data
points in Figure 5b yields apparent stiffness values rang-
ing from 2.7 to 1.5 (� 10�19 N � m2), all less than the
slope of the linear regression, which is 3.3 �
10�19 N � m2 and with a maximum variation of 45%.

The apparent stiffness of the flagella as given in
Figure 4 does have a practical value. It can be used to
obtain a realistic estimate of resistive torque that devel-
ops when the flagellum is bent to a specified curvature at
a specified position along the flagellar length. In the
curvature range of 3–10 � 104 radians/m it will yield a
value for the resistive torque that is within � 50%. This
can be a valuable tool for exploring flagellar mechanics.

DISCUSSION

It appears that the amount of torque required to
bend a passive (dynein-inhibited) rat sperm flagellum
into a fishhook configuration is the same amount of
torque required to straighten a Ca2�-induced fishhook in
a demembranated sperm with a functional axoneme. This
is an informative result, as it suggests a plausible mech-
anism for the Ca2�-response. The fishhook configuration
induced by Ca2� ion is likely the product of a Newtonian
equilibrium, where the active torque contributed by the
dyneins that bend the flagellum in the fishhook direction
is balanced by the passive torque that results from bend-
ing the mechanical structures of the flagellum.

The accessory structures of a mammalian sperm
flagellum, namely the ODFs and the fibrous sheath, are
larger than the central 9 � 2 axoneme. Okuno et al.
[1981] showed that the passive stiffness of sea urchin
sperm in 10 �M vanadate is � 1 � 10�21 N � m2.
Therefore, one might suppose that the passive stiffness of
a rat sperm might not be influenced very much by the
state of the central axoneme and that the stiffness mea-
surements would not reflect changes in the state of the
dyneins. However, direct evidence is to the contrary.
Lindemann et al. [1973] showed that the rigor stiffness of
bull sperm was 15 times greater than the relaxed stiffness
measured in the presence of high ATP. Measurements of
the rigor stiffness in rat sperm averaged 1.8 �

10�18 N � m2, a fourfold higher stiffness [Moritz et al.
2001] than the passive stiffness reported here.

Although the central axoneme is small in diameter,
it should not be overlooked that the ODFs are mechani-
cally attached to the outer doublets over most of their
length [Lindemann and Gibbons, 1975; Olson and Linck,
1977; Lindemann et al., 1992; Si and Okuno, 1995].
Therefore, binding the outer doublets together in rigor
does more than just stiffen the axoneme, it also locks the
ODFs into a more immobile arrangement as well, which
can and does show up as an increase in the stiffness of the
whole structure. For this reason, changes in the structural
state of the central axoneme would be expected to show
up in the stiffness of the Ca2� induced fishhooks, and
would not necessarily be the same as the passive stiff-
ness. The fact that the apparent stiffness of a fishhook
and a passive flagellum are identical strongly suggests
that labile elements, namely dynein motors, are respon-
sible for bending a structurally unmodified passive fla-
gellum into a hook.

In order for this interpretation to be valid, dynein
must be the source of the motive force maintaining the
fishhook configuration. Gibbons and Gibbons [1980] re-
ported that in sea urchin flagella the bend produced in
response to Ca2� was reduced by vanadate. Evidence
from an earlier study in our laboratory [Lindemann et al.,
1992] supports the direct involvement of dynein. Appli-
cation of 10 �M NaVO3 relaxed the fishhooks in Ca2�-
treated sperm models. In that same study, the splitting
pattern of the axoneme in the hooked configuration was
shown to result from the action of the dyneins on dou-
blets numbered 2, 3, and 4 of the axoneme. In the current
study, we confirm that it is possible to produce a pro-
gressive reduction in fishhook curvature as the concen-
tration of NaVO3 is increased.

The shift in midpiece curvature when Ca2� is
added, as seen in Figure 3, is typical of the Ca2� re-
sponse in mammalian sperm as reported in several earlier
studies [Lindemann and Goltz, 1988; Lindemann et al.,
1987, 1992]. It may be taken to reflect a Ca2�-dependent
shift in the dominance of the dyneins on the two sides of
the axoneme.

Therefore, from our earlier work and the current
study, we know that fishhook formation is dynein depen-
dent and which specific subset of dyneins is responsible
for the active moment. From the study of Moritz et al.
[2001], we have a quantitative estimate of the magnitude
of the active torque acting in a fishhook. Now, we find
that the passive elastic torque that must be overcome to
produce the fishhook configuration is equal and opposite
of the active torque. These facts taken together are con-
sistent with the following mechanism.

The presence of a sufficient level of free Ca2� ion
(pCa � 5), strongly favors the activation of the dyneins
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on a specific subset of outer doublets (nos. 1, 2, 3, and 4).
Once actively engaged, these doublets generate a bend-
ing torque that is responsible for the formation of the
fishhook configuration. When the resulting curvature
produces a passive elastic torque equal and opposite to
the action of the active torque, a Newtonian balance is
established that is stable as long as the requisite condi-
tions persist.

This view is also consistent with the observations
on the Ca2�-induced candy cane configuration observed
in sea urchin sperm [Gibbons, 1980; Gibbons and Gib-
bons, 1980] and mussel gill cilia [Satir, 1975]. There,
too, the arrest pattern consists of a basal bend that has
similar characteristics to the fishhook [Satir et al., 1991].
In fact, there is direct evidence for a subset of dyneins
with a selective sensitivity to Ca2� in sea urchin sperm
[Sale, 1986] and Chlamydomonas [King et al., 1994]. In
addition, it has been suggested that the selection of which
dyneins are activated in the presence of Ca2� may be
controlled by response elements in the spokes or central
pair [Bannai et al., 2000; Nakano et al., 2003]. The
ubiquitous nature of Ca2� arrest behavior in cilia and
flagella would argue that it is based on a process funda-
mental to the simple 9�2 structure of the axoneme and
not a specialized feature of mammalian sperm. If the
mechanism is a conserved property of a broad spectrum
of cilia and flagella, then perhaps the Newtonian force
balance described above is also intrinsic to all cases. This
is something that needs to be experimentally confirmed.

An unresolved question is posed by this most re-
cent result. Why is there a failure of the normal switching
mechanism under the Ca2� arrest condition? It is obvious
that in the normal sequence of events, the beat cycle
usually terminates the action of the set of dyneins bend-
ing the flagellum in each direction at a certain “switch
point.” As observed by Walter and Satir [1978], the Ca2�

arrest represents a failure of the switch-point at one
extreme of the beat cycle. The current evidence is con-
sistent with that point of view, and makes that issue
central to a complete understanding of the events in a
Ca2� arrest.

If the mechanistic explanation presented here for
the Ca2�-induced arrest is correct, then it is likely that
the fishhook and the candy cane phenomena are the result
of switching failure in the cycle of events that compose
the beat. Consequently, to understand the Ca2� arrest
mechanism completely, a better understanding of how
switching is accomplished in a flagellum or cilium is
required. At least three different and distinct mechanisms
have been proposed to account for switching [Omoto and
Kung, 1979, 1980; Murase, 1990, 1991; Lindemann,
1994].

The mechanism that has received the most attention
is that the rotation of the central pair governs activation

of the dyneins on specific doublets via a kinase-mediated
disinhibition of the dyneins on selected doublets [for
review see Omoto et al., 1999]. Arrest of the beat in such
a scheme would require a cessation of the rotation of the
central pair, or a deactivation of the requisite kinase,
possibly through a Ca2�-calmodulin dependent kinase.
The strength of this hypothesis is the demonstrated pres-
ence of calmodulin localized to the spokes [Yang et al.,
2001] and the demonstrated regulation of doublet sliding
by the presence or absence of spokes [Smith and Sale,
1992]. Analysis of the sliding patterns after Ca2� treat-
ment in disintegrating sea urchin axonemes also tends to
support this view [Bannai et al., 2000; Nakano et al.,
2003]. The weakness of this hypothesis is that it depends
on the rotation of the central-pair. It appears that the
central pair rotates in some cilia and flagella, but not in
others [Gibbons, 1961; Tamm and Tamm, 1984; Sale,
1986]. This is a problem, since the Ca2� response is not
limited to only cells where central pair rotation occurs.
Therefore, the Ca2�-mediated interruption of switching
would have to be through a mechanism that would work
with or without the action of a rotating central pair. This
is certainly a possibility, and could be accomplished if
the Ca2� response elements were unequally distributed
on the spokes, so that activation of one select set of
dyneins would always fail.

The Excitable Dynein hypothesis [Murase, 1990,
1991] has the progression of the beat cycle and the
dynein cross-bridge cycle as co-dependent processes.
Failure of the cross-bridge cycle to progress was shown
to produce a kind of conditional quiescence [Murase,
1991]. If this step in the cross-bridge cycle was condi-
tional on the Ca2� binding state of a structural co-factor,
such as a bound calmodulin, the quiescence could be
Ca2� dependent. This would require the discovery of a
Ca2� control element, like calmodulin, in the dynein arm
or the dynein regulatory complex.

A third hypothesis to explain dynein switching
utilizes the strain that develops between the doublets to
switch the dyneins off and on. This hypothesis is called
the Geometric Clutch [Lindemann, 1994]. In this model,
switching occurs as a consequence of the doublets being
pushed closer together, or pulled farther apart, by the
force acting transverse to the flagellar axis. The trans-
verse force, or t-force, that could accomplish this is the
product of the longitudinal tension (or compression) on
the doublets multiplied by the local curvature.

One way that switching could fail in the context of
the Geometric Clutch mechanism is if another structure
in the axoneme bears most of the t-force and protects the
dyneins from the action of the t-force. The spokes linked
across the axoneme at the central-pair might provide
such a force-bearing connection. The spokes that are
exposed to the maximum t-force during the beat are the
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spokes on doublets numbered 1, 5, and 6 [Lindemann,
2003]. If these spokes become shorter, or their connec-
tion at the central-pair becomes stronger and more rigid,
a greater amount of the t-force would be borne by this
connection through the central pair, and less would be
distributed to the dyneins. This would result in the dynein
experiencing insufficient t-force for switching.

The Geometric Clutch mechanism has been pro-
grammed into a computed simulation of a flagellar beat.
The computed simulation can be made to exhibit switch-
ing failure in a candy-cane-like configuration [Linde-
mann, 1994]. This will happen spontaneously if the rest-
ing “baseline” probability of dynein attachment to the
adjacent doublet is very high on one side of the axoneme
and very low on the other. In terms of a real axoneme,
this would correspond to making the interdoublet dis-
tance on one side of the axoneme shorter than on the
other. It could also be accomplished if the dyneins on one
side of the axoneme projected out from the doublet at an
angle that made attachment to the adjacent doublet more
likely, and those on the opposing side of the axoneme
project out at an angle that makes attachment less likely.
This could readily be accomplished in nature if a Ca2�-
response element, such as calmodulin, were localized to
the dynein-anchoring complex.

As can be seen from this discussion, there are at
minimum three different mechanisms that could be re-
sponsible for switching failure, and more information is
required to decide between them. Nonetheless, delinea-
tion of various specific possibilities may be useful in the
search for the correct one.
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