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SUMMARY

1. Spermatozoa from the sea urchin, Lytechinus pictus, can be demem-
branated with solutions containing Triton X-100 and 5 mM-CaCl, and
reactivated in ATP solutions containing low concentrations (10-? M) of free
Ca®** ion to give symmetrical bending wave movements, even at very low
ATP concentrations. At ATP concentrations of 0-01-0-02 mm the reactivated
spermatozoa have beat frequencies near 1 Hz, nearly normal bend angles,
and wave-lengths about 509, longer than normal.

2. The effects of increased viscosity, obtained by addition of methy] cellu-
lose to the reactivation solutions, on bend angle and beat frequency decrease
with decreasing ATP concentration, and become almost undetectable
at oor mM ATP. On the other hand, the effect of increased viscosity on
wavelength shows relatively little change with ATP concentration, although
it is noticeably reduced at o-or mm ATP.

3. These observations suggest that the beat frequency at low ATP
concentrations is determined by an intrinsic rate-limiting process, in contrast
to the viscosity-limited behaviour at high beat frequencies. Quantitative
agreement with the experimental results is obtained with a model in which
ATP concentration and viscosity each determine the rates of one step in a
two-step reaction cycle which determines the beat frequency.

4. Two other models which can qualitatively explain the effects of ATP
concentration and viscosity on flagellar beat frequency fail to show quanti- -
tative agreement with the experimental results. In one of these models,
ATP concentration determines the maximum rate of shear between filaments.
In the other, ATP concentration determines a time delay which is required
to bring the active moment into phase with the elastic moments which would
be expected to dominate the bending resistance at low beat frequencies.

INTRODUCTION

Effects of viscosity and adenosine-triphosphate (ATP) concentration on the form
and frequency of the bending waves generated by ATP-reactivated sea-urchin sperm
flagella were examined in earlier studies using glycerol-demembranated spermatozoa
(Brokaw, 1966, 1967; Brokaw & Josslin, 1973). Two recent improvements in tech-
niques for ATP-reactivation of sperm tiagella now make it possible to obtain much
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better data from such experiments. Gibbons & Gibbons (1972) found that a moret
complete removal of the flagellar membranes could be obtained using the detergent
Triton X-100 instead of glycerol, giving a much higher percentage - close to 1009, —
of successfully reactivated, motile spermatozoa. The symmetry of the bending waves
of reactivated sperm flagella from some sea-urchin species has now been found to be
sensitive to the concentrations of calcium ions in both the extraction and reactivation
solutions (Brokaw, Josslin & Bobrow, 1974; Brokaw & Gibbons, 1975). Careful
control of calcium ion concentrations makes it possible to obtain preparations in
which most of the sperm flagella generate symmetrical bending waves and give regular
wave movement even when reactivated at low ATP concentrations. Studies using
these preparations provide new information relevant to the control of bending wave
parameters by sea-urchin sperm flagella. Some of these studies have been briefly
described elsewhere (Brokaw, 1974).

MATERIALS AND METHODS

Sea urchins (Lytechinus pictus) were collected in Mission Bay, California, during
June and July. They were maintained on a diet of kelp (Macrocystis) in aquaria with
flowing, filtered sea water at 10—15 °C for up to 1 year. Gamete shedding was induced
by injection of 06 M-KCl. The aboral surface of the urchin was rinsed with o-5
M-NaCl, and spermatozoa were collected with a pipette as they emerged from the
gonopores. The ‘dry’ spermatozoa were diluted with 1-2 volumes of cold o-5 M-NaCl
to form a suspension which could be sampled reproducibly. This suspension was
stored on ice during a series of experiments. The quality of the reactivated movements
obtained with a particular sperm sample usually deteriorated noticeably after about
1 h. This factor limited the amount of quantitative data which could be obtained
from a particular sperm sample and was consequently a significant limitation on the
precision of the results. Attempts to find more satisfactory conditions for sperm
storage were unsuccessful.

Membrane removal was accomplished with an ‘extraction solution’ containing
o-15 M-KCl, 2 mm-MgSO,, 2 mMm dithiothreitol (D'T'T), 2 mm Tris buffer, o-5 mm
EDTA, 5mM-CaCly and 0-04%, (vol.fvol.) Triton X-100, adjusted to pH 8-z at
16 °C. Sperm motility was observed in a ‘reactivation solution’ which normally
contained o-15 M-KCl, 2 mmM-MgSO,, 29, (wt/vol.) polyethylene glycol (carbowax),
2 mM DTT, 20 mM Tris buffer, 2:-0 mmM EGTA, o-5 mm-CaCl; and variable amounts
of ATP. The pH of the reactivation solution was also adjusted to pH 8-2 at 16 °C.
The reactivation solution was designed to have a low concentration of free calcium
ions, approximately 10~® M. At pH 8-2 a significant amount of magnesium ion binding
by EGTA will occur. Using stability constants from Sillen & Martell (1964), the
calculated concentration of free Mg®* ion in a reactivation solution containing no
ATP will be 1-1 mM. Addition of ATP will decrease the amount of free Mg?+ ion, so
that the MgATP?~ concentration will not increase in proportion to the added ATP
unless additional magnesium is added to the solution. This effect is insignificant at
ATP concentrations of 0-2 mM or less, and has been neglected in most of the experi-
ments. For the beat frequency measurements at higher ATP concentrations (Fig. 1),
ATP and MgSO, were added to the reactivation solutions in the proportion of 11:10.
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With a free Mg%* concentration of 11 mM and a MgATP?- stability constant of
10 x 10* M~ (Sillen & Martell, 1964) this procedure will result in a MgATP?- con-
centration equal to the amount of additional MgSO, added with the ATP. Some control
experiments in which beat frequencies of sperm flagella were measured at lower
MgSO, concentrations were carried out to test these calculations. The results were
consistent with the assumption that beat frequency is determined by MgATP%*-
concentration and a stability constant for MgATP®- of 1-4 x 10* M~1, which is not a
significant difference. However, if the stability constant is considerably larger, as
suggested by some measurements (3-4 x 10 M~ at 17 °C; Sari, Ragot & Belaich, 1973;
see also references in Godt, 1974), the calculated MgATP?- concentrations in the
reactivation solutions at high ATP concentrations will be too low, but not by more
than 109%,.

Reactivation solutions of increased viscosity were obtained by addition of methyl
cellulose of high molecular weight (Fisher M-281, 4000 cP) to the solutions. Viscosities
were measured with capillary viscometers at 16 °C (Brokaw, 1966), but no shear-rate
correction was used as the present resylts were limited to relatively low frequencies
and viscosities.

All preparations and observations were carried out in a room maintained at 16 °C.
A 5 ul sample of spermatozoa was added to o-25 ml of extraction solution and agitated
gently to suspend the spermatozoa. After 30 sec incubation in the extraction solution
a 5—10 ul portion of this suspension was mixed with 1-0 ml of reactivation solution,
and a drop of this suspension was transferred to a slide on the microscope stage. The
extraction and reactivation procedure was repeated to prepare each sample observed
under the microscope.

Beat frequency measurements were made by observing spermatozoa swimming at
the upper surface of an open drop of solution, using a x 16 objective and dark-field
illumination. Beat frequencies below about 2 Hz were measured by timing 10 beats
with a recording electronic timer. Beat frequencies above 2 Hz were measured
stroboscopically, as in previous work. In some experiments, bend angles were esti-
mated visually by comparing the waveforms of spermatozoa observed with strobo-
scopic illumination with a chart showing waveforms drawn with bend angles of 1-0
1'5, 2-0 radians, etc. The feasibility and accuracy of this procedure depends on the
availability of preparations in which the spermatozoa are generating symmetrical
bending waves. :

Photographs were obtained, for measurements of wavelengths and bend angles,
using a x 40 oil-immersion objective, with a coverglass over the drop of sperm
suspension. Although most of the spermatozoa stick to either the slide or cover glass
under these conditions, a sufficient number of freely swimming spermatozoa could
usually be found for photography by careful searching of the drop. Multiple-exposure
dark-field photographs were obtained, using a flash frequency equal to about twice
the mean beat frequency of the spermatozoa in a particular reactivation solution. The
photographs were printed at a final magnification of x 2000, and wavelengths were
measured along the image of the flagellum by using a piece of flexible polyethylene
tubing.

With the best preparations, obtained with freshly collected spermatozoa from
thealthy, fully ripe, sea urchins, the variance of beat frequency and other wave para-
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meters within a preparation was small, and selection of a representative sample fd{
quantitative measurements was not a problem. More commonly, the selection of
spermatozoa for measurement involved value judgements about the quality of their
movement. Spermatozoa swimming in straight paths, with precisely periodic beats
and uniformly curved bent regions in their waveforms, tended to be favoured for
inclusion in the sample measured. Consequently the sample tended to include those
spermatozoa in a preparation which had the highest beat frequencies and largest bend
angles and exclude many spermatozoa which had subnormal beat frequencies or bend
angles. This procedure may be a valid method for obtaining parameters of ‘normal’
spermatozoa, but may be a source of error if the characteristics of the distribution
change with important experimental variables such as ATP concentration and
viscosity. This possible source of error precluded measurements at higher viscosities
and ATP concentrations than were included in the results shown in this paper.
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Fig. 1. Double reciprocal plot of beat frequency and MgATP*~ concentration from an experi-
ment with a single sample of Lytechinus spermatozoa. Means and standard deviations are
indicated for the measured beat frequencies of 277 spermatozoa at each ATP concentration.

RESULTS
Effects of ATP concentration

The beat frequency of reactivated spermatozoa increases with increasing ATP
concentration in the range of o-or-1-0 mm (Hoffmann-Berling, 1955; Kinoshita, 1958)
and levels off to a maximum frequency above 1 mM. This saturation effect can be
described accurately by Michaelis-Menten type kinetics (Brokaw, 1967; Holwill,
1969; Gibbons & Gibbons, 1972). Fig. 1 is a double reciprocal plot of beat frequency
and MgATP®- concentration over the concentration range of o-15—2-0 mm. Although
there is some scatter in the measurements, the results are clearly linear, and yield 1
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Fig. 2. Measurements of beat frequency at low ATP concentrations. The points at the four
highest ATP concentrations represent data from experiments with four different sperm
samples, and each point represents the mean of 20 measurements of beat frequency. The
points at 0-o1 and 0:02 mM ATP also represent measurements from four experiments, while
the remaining points represent meagsurements from two experiments. Only the mean value is
shown at these lower ATP concentrations, as the values from individual experiments fell too
close together to be shown individually. The curve is obtained from the Michaelis-Menten
equation, with f,y = 27 Hz and K, = 022 mM.

maximum beat frequency of 28 Hz and a K|, value of o020 mm MgATP?-, This K,
value is very close to the value obtained with Triton-extracted spermatozoa of Colo-
bocentrotus (Gibbons & Gibbons, 1972). Earlier experiments with glycerol-extracted
Lytechinus spermatozoa (Brokaw, 1967; Brokaw & Josslin, 1973) gave significantly
higher values for K,,, about o5 mmM ATP in the presence of 4 mM-MgSO,, which
corresponded to significantly lower beat frequencies at ATP concentrations of 02 mm
or lower. This difference may be related to the more thorough membrane removal
achieved with the Triton-extraction procedure.
 Many samples of Lytechinus spermatozoa which gave normal movements at ATP
concentrations of 0-2 mM or less showed very poor motility in reactivation solutions
containing 1 mM or more ATP. In these preparations, there were no, or very few,
spermatozoa swimming stably with frequencies in the range of 25-30 Hz. The move-
ment was noticeably aperiodic, and many of the spermatozoa had beat frequencies in
the range of 10-15 Hz, with variable waveforms. It was difficult to find samples of
Lytechinus spermatozoa which would behave consistently enough to obtain usable
measurements at ATP concentrations above o-5 mM. The reason for this behaviour
was not found. In the same reactivation solutions, Triton-extracted spermatozoa from
the sea urchin, Strongylocentrotus purpuratus, routinely swam with stable frequencies
of around 25 Hz at 1 mm ATP, even after storage of the sperm sample for 24 h.
Fig. 2 shows the results of beat frequency measurements on spermatozoa reactivated
mt ATP concentrations of o2 mM and below. These results are compared with a
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Fig. 3. Results of measurements on photographs of spermatozoa reactivated at ATP concen-
trations from o-o1 to 1‘0 mM. The upper two curves show measurements of wavelengths and
bend angles of swimming spermatozoa. Standard deviation ranges for these measurements are
shown, and the number of spermatozoa in each sample is indicated at the top of the figure.
The lower curve shows the ratio of average bend angle for attached spermatozoa to average
bend angle for swimming spermatozoa. Only the ratios at the three higher ATP concentrations
are significantly greater than 1-0.

Michaelis—-Menten curve which fits the data at the upper end of this ATP concen-
tration range, and corresponds to a maximum beat frequency of 27 Hz and a K, of
o22 mM ATP. As found previously with Colobocentrotus spermatozoa (Gibbons &
Gibbons, 1972), the beat frequencies of reactivated Lytechinus spermatozoa fall
below the calculated Michaelis-Menten curve at low ATP concentrations (below about
005 mM). No movements can be observed at ATP concentrations below about
0:004—0-005 mM, and in the ATP concentration range of 0-005-0-010 mm, only a
fraction of the spermatozoa in a suspension are beating (Brokaw, 1961; Gibbons &
Gibbons, 1972). In this ATP-concentration range, the bending movements do not
give the impression of a regular undulatory wave, but do show bending which propa-
gates alternately along the entire length of the flagellum. With o-o10 mm ATP, most
of the spermatozoa are reactivated, and show uniform undulatory wave motion, but
a few sperm samples showed no movement until the ATP concentration was raised
to o-or5 mM. Figs. 10A and B (Plate 1) show photographs of spermatozoa swimming
in a solution containing o-oro mM ATP, where the beat frequencies were approxi-
mately o-7 Hz. Although some spermatozoa swim at this ATP concentration with
nearly normal waveforms, as illustrated in Fig. 10B (Plate 1), it is more common to
find waveforms with significantly longer than normal wavelengths, as illustrated by
Fig. 10A (Plate 1).

Results from a series of experiments in which reactivated spermatozoa were photo-
graphed at ATP concentrations ranging from o-012 to 1-0 mM are shown in Fig. 3.
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K'hese quantitative data from a relatively small number of sperm samples show at least
qualitatively the behaviour which was typically observed. However, there was con-
siderable variation between sperm samples, particularly at the ends of the ATP con-
centration range. The sharp decrease in wavelength between 0-025 and o-012 mMm
ATP was commonly, but not consistently, observed — note that it does not appear in
the data in Fig. 6 B. An even greater change in wavelength in this concentration range
has been observed with spermatozoa from Strongylocentrotus purpuratus. In previous
work with glycerinated Lytechinus spermatozoa (Brokaw & Josslin, 1973), changes in
wavelength and bend angle in the concentration range of o-r1-3-o mm ATP (beat
frequencies 4-8-245 Hz) were observed which were similar to the changes shown in
Fig. 3. However, the wavelengths generated by the symmetrically beating spermatozoa
studied in the present experiments are significantly longer. Visual observations
indicated that the mean bend angle continues to decrease at ATP concentrations above
1 mpm, although a few spermatozoa can be found with normal (ca. 2 radians) bend
angles even at 4 mm MgATP?-,

Effects of increased viscosity

Measurements of the movement parameters of reactivated spermatozoa as a function
of viscosity, at various ATP concentrations, are summarized in Figs. 4-6. The data in
these figures were obtained with different sperm samples at each ATP concentration,
and therefore do not give as good an indication of the relationships between movement
parameters and ATP concentration as the data in Figs. 1-3.

As shown in Fig. 4, the effect of increased viscosity on the beat frequency of sperma-
tozoa reactivated at high ATP concentrations is similar to its effect on live spermatozoa
(Brokaw, 1966). At lower ATP concentrations, the effect of viscosity diminishes, and
at ATP concentrations of o-0o1-0-025 mM, the frequency is almost independent of
viscosity over the range of 1-8-16 cP. At higher viscosities, some decrease in beat
frequency was observed at o-or mm ATP, but the number of spermatozoa swimming
with stable movements was decreased, and the measured beat frequency may represent
those spermatozoa which were able to generate stable movements because they had
lower beat frequencies. Over the range of viscosities shown in Fig. 4, the measured
frequencies fall on approximately straight lines when plotted on a double logarithmic
plot, and it is convenient to use the slope of these lines as an indicator of the effect of
viscosity. In Fig. 5, the data are summarized by a plot of these slopes against the beat
frequency at 1-8 cP, for comparison with theoretical curves which will be discussed
later. The data shown in Fig. 5 for reactivated spermatozoa suggest that the slope
increases towards a value near —o0-3 when the beat frequency reaches a maximum
value near 30 Hz; however, the data for live spermatozoa at 29-5 Hz have a slope of

~only —o-25.

The measurements shown in Fig. 6 A show that viscosity also has very little effect
on the bend angle at low ATP concentrations (o012 and o-025 mM). At higher ATP
concentrations, the bend angle decreases significantly at increased viscosities. There
is also a large increase in the variability of the waveform, and the preparations
contain spermatozoa with normal (Fig. 10D, Plate 1) and much lower than normal
(Fig. 10E, Plate 1) bend angles. Since there was a tendency to select spermatozoa for
pohotography with near-normal bend angles, in order to obtain accurate wavelength
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Fig. 4. Double logarithmic plot of beat frequency and viscosity for spermatozoa reactivated
at various ATP concentrations. Data are also shown (dashed line) for live spermatozoa (from
Brokaw, 1966). ATP concentrations in mM are indicated at the left end of each curve, and the
slopes of the logarithm of beat frequency vs. logarithm of viscosity are indicated at the right
end of each line. In each preparation examined, a mean beat frequency was determined by
recording the frequency for 10-15 spermatozoa. The standard deviations of the frequencies
recorded from one such preparation ranged up to 10 % of the mean beat frequency. Each point
in this figure represents the mean of 2-10 such measurements, using 2—4 different sperm
samples at each ATP concentration. Standard errors for these means averaged about 2 %, of the
mean beat frequency, which is represented by the radius of the circles used to locate the points.
‘The largest standard error was 3 % of the mean beat frequency.

measurements, the bend angles shown in Fig. 6 A at high frequencies and viscosities
may be too high.

In earlier work with glycerol-extracted spermatozoa from Lytechinus (Brokaw,
1966), a significant increase in bend angle with increasing viscosity was observed
with spermatozoa reactivated at o-2 mm ATP, but not with spermatozoa reactivated at
2.omM ATP. This effect was not seen in the present experiments with Triton-
extracted spermatozoa, either at o2 mmM ATP or at 006 mm ATP, where the beat
frequencies are more comparable to those obtained with glycerol-extracted sperma-
tozoa at o-2 mm ATP.

The measurements shown in Fig. 6B, and the photographs of typical waveforms
shown in Fig. 10 C-I (Plate 1), show that, in contrast to the effects on bend angle and
beat frequency, the effect of viscosity on wavelength remains nearly constant over thd
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Fig. 5. Slopes of log frequency va. log viscosity for the data in Fig. 4, plotted against the value of
beat frequency at a viscosity of 1-8 cP. Solid bars represent reactivated spermatozoa; the open
bar represents live spermatozoa. Error bars of +/—o-o1 slope units and +/—o0'25 beat
frequency units (Hz) have been arbitrarily selected as a reminder that there is some uncertainty
in the values derived from Fig. 4. The theoretical curves are identified in the Discussion.

ATP concentration range from o5 to 0-025 mM and is similar to the effect with live
spermatozoa. Only at 0-o12 mm ATP is there a clear decrease in the sensitivity of
wavelength to increased viscosity. At this ATP concentration there is still a significant
effect of viscosity on wavelength, even though the effects of viscosity on bend angle
and beat frequency at this ATP concentration are minimal.

Relationship between bend angle and beat frequency

Live spermatozoa which become attached by their heads to a microscope slide or-
coverglass regularly show an increase in bend angle, which may be accompanied by
small decreases in beat frequency and wavelength (Brokaw, 1965; Gibbons, 1974).
With reactivated spermatozoa, this effect is seen at high ATP concentrations, but
disappears at low ATP concentrations (Fig. 3, bottom curve). The effect of head
attachment can be increased by increasing the viscosity of the reactivation solution,
and at higher ATP concentrations and viscosities, large angle bending patterns
(Fig. 10F, Plate 1) are regularly obtained with attached spermatozoa. These effects
offer an opportunity for examination of the correlation between bend angle and beat
frequency in an attempt to determine whether interfilament shear rate is the rate-
limited variable which determines flagellar beat frequency at low ATP concentrations.
If this is the case, the product of beat frequency and bend angle, which is proportional
to shear rate, might be expected to show less variation than is shown by the bend
angle, and this effect ought to be more pronounced at low ATP concentrations than
at higher ATP concentrations where viscosity becomes a rate-limiting factor.

Visual observations of beat frequency and bend angle were made on individual
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Fig. 6. Double logarithmic plots showing the effects of viacosity on bend angles and wavelengths
of spermatozoa reactivated at various ATP concentrations. Data are also shown (dashed lines)
for live spermatozoa (from Brokaw (1966) and new measurements of bend angles on the same
photographs). ATP concentrations are identified by the symbols and the numbers at the right
end of the wavelength curves. The points at 0-012 mM ATP were obtained with a single sperm
sample, and each point represents measurements of approximately six spermatozoa. The points
at the higher ATP concentrations represent measurements of approximately 20 spermatozoa
from 2-4 different sperm samples Standard deviations for the bend angle measurements
ranged from 0-07 to 0-24 radians, except for the highest viscosity point at o'5 mM ATP, where
the sample exhibited a wide range of variation of bend angle and the standard deviation for
the measured bend angles was 047 radians.

spermatozoa, and an effort was made to select spermatozoa at the extremes of the
range of bend angles exhibited by the sperm sample. Observations were made at two
ATP concentrations: in reactivation solutions containing o-24 mm ATP, o-70 mm-
MgSO, and 0-3%, methyl cellulose, with viscosities of about 10 cP, and in reactivation
solutions containing o-024 mM ATP, o-52 mM-MgSO, and 0-59%, methyl cellulose,
with viscosities of about 30 cP. Observations on attached spermatozoa were restricted
to those which had the sperm head rigidly attached to the microscope slide, so that no
rotation or oscillation of the sperm head was seen. The results are summarized in
Fig. 7.

There is no significant difference between the results obtained at the two ATP
concentrations. At both ATP concentrations the samples of attached spermatozoa
had mean bend angles of 2-8 radians and the samples of swimming spermatozoa had
mean bend angles of 1-g radians. The samples of attached spermatozoa had mean beat
frequencies which were lower than the mean beat frequencies of the swimming sperm
samples, by 179 at 024 mm ATP and 169, at 0-024 mM ATP. This decrease if
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Fig. 7. Measured values of beat period and bend angle for swimming (solid circles) and
attached (open circles) spermatozoa. The number of spermatozoa measured, and the standard
deviation of the measured values of beat period, are shown for each bend angle group.

beat frequency is probably a secondary consequence of the increase in bend angle in
the attached sperm samples At a particular bend angle, the differences in mean beat
frequency between swimming and attached sperm samples were small and probably
not significant.

If shear rate is a constant parameter characteristic of the spermatozoa in a sample
at a particular ATP concentration, the results should lie on a straight line through the
origin when beat period is plotted against bend angle, as in Fig. 7. The swimming
sperm samples show a weak beat frequency maximum near the mean bend angle of
1-9 radians, but otherwise show no significant correlation between beat period and
bend angle. The expected correlation is seen at bend angles of 3 radians or more,
where the beat frequencies of attached spermatozoa decrease sufficiently at high values
of the bend angle to maintain constant shear rate. For bend angles in the range of
2-3 radians, the correlation is weaker, although it is sufficient to account for the
difference between the mean beat frequencies of swimming and attached spermatozoa.

Although these observations fail to provide strong evidence for the possibility that
shear rate is the important rate-limited variable at low ATP concentrations, they are
not definitive, as the expected correlation could easily be obscured by variations in
jhear rate within the population examined.

45 EXB 62
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DISCUSSION

The main features of the symmetrical flagellar bending waves observed in these
experiments can be described by three parameters — wavelength (measured along the
flagellum), bend angle, and beat frequency. As noted previously by Gibbons (1974),
flagellar wave parameters appear to be regulated independently, with only second-
order interactions observed between them.

ATP concentration is a major factor determining the beat frequency of reactivated
flagella; changes in beat frequency of two orders of magnitude can be observed over
the ATP concentration range of 0-005 to 4 mM. On the other hand, ATP concen-
tration changes, particularly over the range of 0-05—1-0 mM, have rather small effects on
wavelength and bend angle, which may be a secondary result of changes in viscous
forces resulting from changes in beat frequency, rather than a direct effect of ATP on
these wave parameters.

The effects of changes in viscosity on flagellar wave parameters are small compared
to the effect of ATP concentration on beat frequency, and over most of the range of
ATP concentrations viscosity changes cause changes of similar magnitude in all three
wave parameters. One theoretical model for the generation of flagellar bending waves
which has been studied in detail incorporates an internal viscous bending resistance
to stabilize the wavelength of its motion (Brokaw, 19724). This model then predicts,
without specification of any additional parameters, that frequency and wavelength
should each be inversely proportional to the 4th root of the external fluid viscosity,
giving a slope of —o-25 on a double logarithmic plot against viscosity (Brokaw,
1972b, ¢). This slope is approached by the data on beat frequency of reactivated
spermatozoa at high ATP concentrations (Fig. 4), but the wavelength data (Fig. 6 B)
show consistently lower slopes.

The inclusion of an internal viscosity in this model to regulate the wavelength
provides an example of a wavelength-regulating mechanism which might be expected
to be independent of the effects of ATP concentration. However, the internal viscosity
hypothesis is objectionable because it increases, to a possibly unrealistic degree, the
energy requirements for the active processes which generate flagellar movements
(cf. Brokaw & Gibbons, 1975). A more satisfactory explanation for wavelength regula-
tion in flagella has not yet been developed.

A direct determination of beat frequency by intrinsic kinetic properties of the
mechanochemical system within flagella has been assumed in previous studies of the
effect of ATP concentration on flagellar beat frequency (Holwill, 1969) and is con-
sistent with indications of a close coupling between beat frequency and ATP de-
phosphorylation (Brokaw & Benedict, 19684, b; Gibbons & Gibbons, 1972). On the
other hand, to explain the influence of viscosity on beat frequency, most theoretical
models for flagellar wave propagation have emphasized moment balance between
viscous, elastic, and active bending moments (Machin, 1958; Rikmenspoel, 1971;
Brokaw, 1971, 19724).

The effects of ATP concentration on the relationship between beat frequency and
viscosity can be summarized by saying that at low ATP concentrations the beat
frequency is determined by some intrinsic property of the active sliding process which
is sensitive to ATP concentration, and viscous resistances are insignificant. At highes
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RTP concentrations the ATP-concentration-dependent step in the beat cycle is no
longer rate limiting, and viscous forces become predominant in determining the beat
frequency. This behaviour can be modelled in a purely formal way by assuming that
beat frequency is determined by the overall rate of a two-step reaction sequence or
reaction cycle, in which one step is sensitive to viscosity and the other step is sensitive
to ATP concentration. The beat frequency, f, will then be governed by the following

relationship:
1/f = 1/ri+1]r, (1)

where r, is a function of viscosity and 7, is a function of ATP concentration. If 7, is
only a function of viscosity, and if r, is directly proportional to ATP concentration,
then at any constant viscosity, equation (1) will give a relationship between beat
frequency and ATP concentration equivalent to Michaelis—-Menten kinetics, in agree-
ment with experimental results with flagella. In the simplest case, r, might be inversely
proportional to viscosity. However, if other parameters of flagellar movement change
with viscosity, the ‘ effective viscosity’ experienced by active mechanochemical elements
in the flagellum will change. In the model for small amplitude wave movements along
an infinite filament considered by Brokaw (1971, 19725), the ‘effective viscosity’
experienced by a generator of active shear moment will be proportional to A%, where
7 is the viscosity and A is the wavelength (cf. equation 6 of Brokaw, 19725). Since
this is a small amplitude model, it includes the assumption that both active shear
moment and viscous bending moment are linear functions of the curvature of the
flagellum, so that variations in bend angle do not influence the ‘effective viscosity’.
If the wavelength is regulated by an internal viscous bending resistance, it will be
proportional to 7~%% (Brokaw, 19725), and the ‘effective viscosity’ will therefore be
proportional to %7, where y = 1-3(0-25) = 0-25. Equation (1) can then be rewritten
to explicitly include the effects of viscosity and ATP concentration:

Uf = e+ efC, )

where C represents the concentration of ATP (or MgATP?") and ¢, and ¢, are con-
stants. Examination of the relationship between beat frequency and viscosity at various
ATP concentrations predicted by equation (2) by construction of a double logarithmic
plot similar to Fig. 4 indicates that equation (2) provides a reasonably accurate de-
scription of the experimental results shown in Fig. 4, as well as the relationship
between frequency and ATP concentration at constant viscosity. By differentiation of
equation (2),

dinf

dlny

= —cyfn, (3)

indicating that a plot of the log f vs. log 7 slope against beat frequency, as in Fig. 5
should give a straight line (curve A in Fig. 5) and that —v will be equal to twice the
slope obtained at an ATP concentration equal to K. The experimental data therefore
suggest that y should have a value of approximately 031, rather than o-25. The data
in Fig. 6B suggest that the change in wavelength with viscosity is less than predicted
by the internal viscosity hypothesis. If the slope of log A vs. log 7 is about —o-13,
which may be more consistent with the data in Fig. 6B, the value of y would be
kxpected to be about o:55.
45-2
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Although this model is in good agreement with the experimental data on effects 0%
ATP concentration and viscosity on flagellar beat frequencies, it does not provide
much insight into the active mechanisms in flagella. Some more specific models which
may be more informative are considered in the following two sections.

Effects of flagellar elasticity on the regulation of beat frequency

In the flagellar model developed to incorporate a feedback control of active shear
moment by curvature, beat frequency is determined by the balance between active
and viscous bending moments (Brokaw, 1971, 19724, b, ¢). Elastic resistances were
included in this model as a possible means for regulation of bend angle, but were
kept small enough to make a negligible contribution to the determination of beat
frequency by active and viscous bending moments.

Estimates of the elastic properties of flagella suggest that elastic resistance in
flagella may be a significant component of the moment balance equation at normal
beat frequencies of about 30 Hz (Lindemann, Rudd & Rikmenspoel, 1973; Brokaw,
1975a). Since viscous bending moments, but not elastic bending moments, are pro-
portional to velocities of movement, the elastic resistances will become very much
larger than the viscous resistances when beat frequencies are in the neighbourhood
of 1 Hz. In terms of a model which balances active, viscous and elastic bending
moments, the active shear moment generated at low beat frequencies must follow the
curvature with a phase lag of nearly } beat cycle, in order for most of the active bending
moment to occur in phase with the bending moment resulting from elastic resistances.
Only a small fraction of the active bending moment will then occur in phase with the
bending moment resulting from viscous resistances. In the models developed pre-
viously (Brokaw, 1971, 19724) a small time delay between curvature and active shear
moment was introduced to provide a component of active moment in phase with
elastic moments. If this model is extended to operation at low beat frequencies where
the movement is dominated by elastic resistances, the time delay becomes the principal
determinant of beat frequency. If the time delay causes a phase lag of nearly $ beat
cycle, a small change in beat frequency will be able to cause a large change in the
magnitude of the active moment component in phase with viscous moments, so that
this flagellar model could accommodate to changes in external viscosity with little
change in beat frequency.

A quantitative development of these ideas~can be carried out for small amplitude
wave propagation along an infinite filament by an extension of the earlier analysis
(Brokaw, 1972b). The ‘effective viscosity’ experienced by a generator of active shear
moment then becomes 77/cos 27fr, where 27fT is the phase angle between curvature
and active shear moment, generated by a time delay, 7. The time delay must vary
considerably with ATP concentration, in order to keep 27fr within the permissible
range of o-}m. If the effect of ATP concentration is expressed solely by its effect on a
rate constant which determines 7, and 1/r is assumed to be proportional to ATP
concentration, the frequency will be determined by

f = cin7fcos anfr+c,. @)

Equation (4) also gives a system where beat frequency, and the slope of log f vs. log 7,
increase towards maximum values at high ATP concentrations. However, the shapeg
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Fig. 8. Double reciprocal plots of beat frequency and ATP concentration for a model in which
elastic resistances become dominant at low ATP concentrations (curve A) and for a model in
which shear rate is related to shear moment by an equation similar to Hill’s equation for
muscle (curve B).

of the relationships are different, as illustrated by curve B in Fig. 5 and by curve A
in Fig. 8. Curve B in Fig. 5 is obtained by differentiation of equation (4) to give

dinf _ -y s)
dlnn  1+27frtan enfr 5

A reasonably close fit to the experimental points in Fig. 5 can be obtained with
Sfmax = 30and y = 0°42, and this higher value of y might be more consistent with the
wavelength vs. viscosity data in Fig. 6B. However, the relationship between beat
frequency and ATP concentration shown by curve A in Fig. 8 does not agree well with
the experimental observations shown in Fig. 1.

With this model, a maximum beat frequency is approached as the viscous com-
ponent of active shear moment approaches the total active shear moment when the
phase lag between curvature and active shear moment becomes small at high values
of 1/7. At the same time, the active moment component in phase with elastic resistances
will become small. This effect might provide a basis for explaining the decrease in
bend angle which occurs at high ATP concentrations, if bend angle is determined by
a balance between active and elastic bending moments, as in the models examined by
Brokaw (19724, ¢).
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Effects of shear rate on the active shear moment

Flagellar bending is now believed to be generated by an active sliding process
occurring between the peripheral microtubules of the axoneme and resulting from an
ATP-driven mechanochemical cycle involving attachment and detachment of the
dynein arms. Ideas about the functioning of the dynein arms have developed from
ideas about the functioning of the HMM-cross-bridges which are believed to cause
active sliding between actin and myosin filaments in striated muscle. The models
formulated to describe the functioning of these cross-bridges are usually such that
the force generated by a cross-bridge decreases when sliding occurs, and are therefore
consistent with the observed force-velocity behaviour of muscle (Hill’s equation).
Similar behaviour might be expected for cross-bridges in flagella, although experi-
mental measurements have not yet given strong support for the existence of shear
moment-shear rate behaviour in flagella analogous to the force—velocity behaviour
of muscle (Brokaw, 19755b).

A quantitative evaluation of a model incorporating a Hill’s equation relationship
between shear moment and shear rate can be carried out with the same assumptions
made in the previous section, with beat frequency determined by an ‘effective

viscosity’:
1f = exp(1+16[aVo)/(x—1f0[ V). (6)

In equation (6), & represents a measure of bend angle, so that f@ is proportional to
shear rate. Since the experimentally observed variations in bend angle over the range
of interest are small, § will be assumed to be constant in further analysis of equation (6).
V, represents the maximum shear rate of the sliding filament system. In muscle, V,
but not maximum isometric tension, is strongly dependent on ATP concentration
(Takahashi et al. 1965; Godt, 1974), so the situation where V,, is directly proportional
to ATP concentration will be examined. The constant a, which comes from Hill’s
equation, will be given a value of o-25, based on values measured in frog skeletal
muscle (cf. Hill, 1971). The predictions of this model are shown by curve C of Fig. 5,
with ¥ = 025 and fp., = 30, and by curve B of Fig. 8. This model also
predicts an increase in both beat frequency and slope towards a maximum value at
high ATP concentrations, as a result of the linear effect of ATP concentration on
maximum shear rate, V. However, it is quantitatively less satisfactory than either of
the previous models.

The idea that beat frequency is determined indirectly as a result of an effect of
ATP concentration on maximum shear rate is attractive, because shear rate would be
expected to be a fundamental variable of an active sliding system involving cross-
bridge behaviour similar to that suggested for muscle. However, if this is the case,
some indications of an inverse relationship between beat frequency and bend angle
might be expected to be observed, especially at low ATP concentrations where shear
rate, rather than a balance of moments, might be the major determinant of beat
frequency. The experiments summarized by Fig. 7 were carried out in an effort to
find such a relationship, but they failed to provide significant support for the idea that
shear rate is a more fundamental variable than beat frequency.



Sea-urchin sperm flagella 717

02

00

01

Reciprocal of beat frequency

| |
1-0 2:0
PLET

Fig. 9. Replotting of the experimental data in Fig. 4 as 1/f vs. ”, with ¥ = 0°31, for comparison
with the linear relationship predicted by equation (a).

Evaluation

Both of the more specific models discussed in the two preceding sections are based
on factors which could reasonably be expected to influence the active mechano-
chemical process in flagella. Although both models offer explanations for the increase
in beat frequency and the slope of log f vs. log 9 towards maximum values at high
ATP concentrations, neither appears to give a satisfactory quantitative agreement
with the experimental results. In particular, the close agreement of the beat frequency
vs. ATP concentration data, such as that shown in Fig. 1, with a simple Michaelis—
Menten type of saturation process suggests that beat frequency is determined by
ATP concentration in a more direct manner than suggested by either of these models.
The formal model represented by equation (2) therefore gives better agreement with
the experimental results. Further examination of this model may be worthwhile.

Equation (2) does not define a linear relationship between log f and log 7, but over
a short range of viscosities the relationship is sufficiently close to linear to fit the
results shown in Fig. 4. A better comparison between these results and equation (2)
is shown in Fig. 9, where 1/f is plotted against %7, using a value of o031 for . In
agreement with equation (2), the results lie on a family of parallel lines. A family of
parallel lines is also obtained with v = o-25, but with y = o-5 the points fall on
clearly non-linear curves. The lowermost line in Fig. g is drawn with, the same slope
through a point corresponding to a maximum frequency of 30 Hz at 1-8 cP. When
extrapolated to o viscosity, this line intercepts the 1/f ordinate very close to the origin.
A o intercept would mean that there are no additional steps in the frequency-
determining reaction cycle, other ‘than the two identified in equation (2). The
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experimental results therefore suggest that in flagella beating in the normal range of
viscosities and ATP concentrations, any other steps in the reaction cycle are very fast
compared to the two steps identified in equation (2).

Since the first term in equation (2) is sensitive to the wavelength, changes in wave-
length with ATP concentration might cause deviations from behaviour of Michaelis—
Menten type at constant viscosity. However, as the results in Fig. 3 indicate, changes
in wavelength with ATP concentration are small at high ATP concentrations. At
lower ATP concentrations where changes in wavelength are more significant, the
first term in equation (2) is small relative to the ATP concentration-dependent term.

It is probably not worth while to attempt any further comparison between the
experimental results and small-amplitude models for the control of flagellar wave
parameters. Analysis of the large amplitude behaviour of a model satisfying equation(2)
will be required for full interpretation of these experimental results. This analysis
falls beyond the scope of the present paper.

This work was supported in part by a grant from the United States Public Health
Service (GM 18711). I thank Tom Simonick for diligent assistance with the experi-
ments, and Dr Ian Gibbons for insightful comments and for communication of results
prior to publication.
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EXPLANATION OF PLATE

Fig. 10A, B. Multiple flash photomicrographs of Triton-extracted spermatozoa of Lytechinus reactivated
in a solution containing o010 mM ATP and 2-0 mM-MgSO,. (A) Flash rate 1-4 Hz. (B) Flash rate
2-8 Hz.

Fig. 10 C-F. Multiple flash photomicrographs of Triton-extracted spermatozoa reactivated in solutions
containing 0:24 mM ATP and o070 mM-MgSQ,. In Fig. 10 F the sperm head is attached to the microscope
slide. (C) Flash rate 26 Hz. (D, E, F) Flash rate 16 Hz; viscosity increased to about 11 cP by addition of
03 % methyleellulose.

Fig. 10 G~I. Multiple flash photomicrographs of Triton-extracted spermatozoa reactivated in solutions
containing 0-024 mM A'TP and o-52 mM MgSO,. Flash rate 2:4 Hz. For Fig. H the viscosity was in-
creased by addition of 0:3 % methyl-cellulose (11 cP) and for Fig. I the viscosity was increased by addi-
tion of 0:6 % methylcellulose (46 cP).





