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INTRODUCTION 

113 

In the wave pattern of a flagellum generating planar undulatory bending waves, 
bending and unbending are represented by rather abrupt transitions between bent 
and unbent states (Brokaw & Wright, 1963; Brokaw, 1965). The magnitude of these 
transitions is indicated by the radius of curvature of the bent regions of the wave 
pattern, but their detailed time course cannot be resolved. The propagated bending 
waves required for propulsion are generated by the progression of these transitions 
along the flagellum. 

Bending and unbending require internally generated bending moments sufficient 
to overcome any internal resistances to bending and the external resistance imposed 
by viscous drag forces as the flagellum moves through its surrounding medium. The 
bending moment required to overcome the external viscous drag and the work done 
by this moment can be calculated in terms of wave parameters and viscous drag 
coefficients (Brokaw, 1965). The present experiments were undertaken to examine the 
changes in wave parameters resulting from alterations in the viscous drag coeffi
cients, in an attempt to provide a more detailed characterization of the mechanisms 
for generating and controlling bending and unbending. Spermatozoa of three species 
of marine invertebrates were examined under the same conditions previously used to 
study their normal movements, except that the viscosity of the sperm suspensions was 
increased by the addition of methyl cellulose. To assist the interpretation of the 
different results obtained with the spermatozoa of different species, additional experi
ments were carried out in the presence of thiourea, an inhibitor of motility which 
reduces the beat frequency, and with glycerinated spermatozoa, where the beat 
frequency can be controlled by the concentration of adenosine triphosphate used for 
reactivation of their movements. 

METHODS 

Spermatozoa were collected and photographed in a modified sea-water solution at 
16° C., using the methods described in earlier papers (Brokaw, 1963, 1965). For most 
of the experiments, increases in viscosity were obtained by adding high molecular 
weight methyl cellulose (4000 cP.; Fisher Scientific Co., no. M-281, lot 722223) to 
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the sea-water solutions. Unless otherwise indicated, all references to methyl cellu
lose throughout this paper will refer to this material. A few observations were made 
with a methyl cellulose of lower molecular weight (100 cP., Fisher Scientific Co., 
no. M-279, log 723784) which will be referred to as low-MW methyl cellulose. Stock 
solutions containing 1 or 1·5 g. of methyl cellulose (or 2-3·5 g. of low-MW methyl 
cellulose) per 100 ml. were made by suspending the dry powder in sea-water solution 
at approximately 40° C., and then refrigerating, with occasional stirring, until the 
solutions became clear and appeared to be uniformly viscous. Working solutions were 
made as required by diluting the stock solution with sea-water solution. All the 
solutions were refrigerated between experiments, and fresh solutions were made up 
every 2-3 days. 

Solutions containing thiourea were made with a diluted sea-water solution, to 
reduce the possible osmotic shock effects of the relatively high concentrations (up 
to o·3 M) of thiourea which were used. A o·3 M thiourea solution was made by dissolving 
o·o3 M of thiourea in 85 ml. of sea-water solution and adding distilled water to bring 
the volume to 100 ml. The pH was readjusted to 8·1 after the thiourea had dissolved. 
Lower thiourea concentrations were obtained by diluting the o·3 M solution with 
sea-water solution. Control solutions, containing urea in place of thiourea, were made 
in the same manner. The viscosity series with Lytechinus spermatozoa was carried 
out in solutions containing o·1 M urea. 

Glycerinated spermatozoa were prepared by mixing concentrated spermatozoa with 
an equal volume of sea-water solution, and allowing the mixture to stand for a few 
minutes at 18° C., before adding it to approximately ten volumes of a 55% (by 
volume) solution of glycerol containing o·25 M-KCl, o·o1 M-MgC12 and o·o2 M of 
pH 7·8 tris-thioglycolate buffer (Brokaw, 1961) at - I0° C. The spermatozoa were 
stirred gently into the glycerol solution and then kept at approximately - I0° C. A 
fresh preparation was used for each day's experiments. The reactivation solutions 
contained o·25 M-KCl, o·oo4 M-MgC12, o·o2 M tris-thioglycolate buffer, 3% poly
vinylpyrollidinone, o·1 M urea, 104 M adenosine diphosphate and variable concen
trations of adenosine triphosphate (ATP) and methyl cellulose. The pH was adjusted 
to 7·8 before mixing with the proper amount of a concentrated solution of methyl 
cellulose in distilled water to give the desired final concentrations. 

Viscosity measurements were made on the working solutions, before addition of 
spermatozoa. For the experiments with live spermatozoa, which were generally 
diluted 100-fold or more in the working solution, the consequent error in estimating 
the viscosity of the solution in which the sperm were actually swimming was negligible. 
With the reactivated spermatozoa, a small drop of the suspension of spermatozoa in 
glycerol was injected with a fine-tipped pipette into a large drop of reactivation solu
tion on a slide and mixed gently with the pipette before adding a cover-glass. The 
dilution of the glycerol solutions was estimated to be tenfold or greater in all these 
experiments, which is not great enough to exclude errors in the viscosity estimation. 
However, this error can be shown to involve at most an overestimate of the viscosity 
by about 6o% at the highest viscosities used in these experiments. The mean error 
was probably considerably less and was small compared with the other uncertainties 
in the viscosity measurements and the results obtained with reactivated spermatozoa. 



Effects of increased viscosity on invertebrate spermatozoa I I 5 

Viscosity determinations 

A viscosity measurement was made on each working solution at r6° C. in a standard 
Ostwald-Carmon-Fenske type of capillary viscometer. The no. zoo size was used at 
viscosities up to about ro cP.; the no. 350 size was used at higher viscosities. These 
measurements provide a unique characterization of each solution, but do not neces
sarily indicate the effective viscosity for movement of spermatozoa through the 
solutions, since the viscosity behaviour of methyl-cellulose solutions is complex. 
Since at least part of this complexity may be expected to arise from a variation in 
viscosity with the rate of shear in the solution, the viscosity should be measured at 
the same shear rate which prevails for a spermatozoon moving through the solution. 
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Text-fig. 1. Measurements of the apparent viscosity of sea-water solutions of methyl cellu
lose (open circles) or low-MW methyl cellulose (solid circles) at several values of the shear 
rate, calculated at the surface of the capillary on the assumption that the viscosity is uniform 
within the solution. 

Several methods were tried for measuring the viscosity of typical methyl-cellulose 
solutions at different shear rates. The most satisfactory method involved simply 
connecting a wide-bore ro ml. pipette to the narrow end of a capillary viscometer by 
about r m. of flexible plastic tubing. By supporting the pipette at various levels the 
pressure driving a constant volume of solution through the tubing and capillary could 
be varied, to enable measurements over about an eightfold range of shear rates. An 
example of the results obtained with this arrangement is shown in Text-fig. r. The 
results are consistent with measurements at higher shear rates, for which a Ferranti
Shirley cone and plate viscometer was used, and with the published results of Gillespie 
(r96o). These measurements were carried out at ten different concentrations for both 
methyl cellulose and low-MW methyl cellulose, so that any capillary viscosity measure
ment could be interpolated to other shear rates within the range studied. 

The shear rate, H L> at the surface of a cylinder moving parallel to its axis with a 
velocity VL> through a medium of viscosity 1], will be related to the tangential drag 
coefficient, C L> as follows: 

8-2 
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where d is the radius of the cylinder. C L can be obtained by hydrodynamic analysis 
of the drag on an elongated cylindrical object (Burgers, I938) and has been adapted 
for use in analysis of flagellar movement by Hancock (I953) and Gray & Hancock 
(1955). Using typical values for a sperm flagellum (Brokaw, 1965) then gives 

HL(sec.-1) = 2·0 VL (p,fsec.). 

By similar arguments the average shear rate at the surface of a flagellum resulting 
from movement normal to its axis with a velocity VN can be shown to be 

HN (sec.-1
) = 3·5VN (p,jsec.). 

These derivations require the usual assumptions involved in a simplified hydro
dynamic analysis of flagellar movement, including the assumption that the viscosity 
of the medium is independent of shear rate. Although there is no assurance that the 
overall viscous resistances will behave similarly in a capillary and around a flagellum 
when dealing with methyl-cellulose solutions, in which the viscosity varies with 
shear rate, these expressions for the shear rate at the surface of the flagellum can be 
used as a first approximation to estimate the effective viscosity for movement of a 
flagellum through various methyl-cellulose solutions. As will be seen from the follow
ing example, this method does not sufficiently compensate for the non-ideal viscosity 
behaviour of these methyl-cellulose solutions, and a more accurate adjustment pro
cedure appears to be to adjust the measured viscosities by using twice the logarithmic 
adjustment factor indicated by measurements of viscosity at various shear rates. 

L I I 

0·5 1·0 1·5 2·0 2·5 

Logarithm of measured viscosity ( cP.) 

Te:rt-fig. 2. Beat frequencies of Cluutopterus spermatozoa as a function of measured viscosity 
in solutions containing methyl cellulose (open circles) or low-MW methyl cellulose (solid 
circles). Results from experiments with two different sperm samples have been combined; 
each point represents 1-4 sets of measurements on twenty spermatozoa. 

When Chaetopterus spermatozoa swim in a methyl-cellulose solution with a measured 
viscosity of about ISO cP., VL is practically equal to the velocity of bend propagation 
along the flagellum, V8 , which is about I5opjsec.; HL is therefore about 300 sec.-1. 

Text-fig. I indicates that the logarithmic adjustment factor which should be used to 
adjust the measured viscosity (measured at a shear rate of approximately 30 sec.-1) to 
a shear rate of 300 sec. - 1 should be about o·2 log units; this will give an estimated 
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actual viscosity of about 9S cP. Text-fig. 2 gives the results of measurements of the 
beat frequency of Chaetopterus spermatozoa in methyl-cellulose and low-MW 
methyl-cellulose solutions as a function of the measured viscosity. These results 
indicate that in the range of Ioo-Iso cP. a change in viscosity by o·2log units will 
cause a change of about Io--Is% in beat frequency. The beat frequency of sperma
tozoa at an actual viscosity of ISO cP. should therefore be about Io--IS% less than the 
value measured in a methyl-cellulose solution with a measured viscosity of ISO cP. 
The beat frequency of spermatozoa in a low-MW methyl-cellulose solution with the 
same measured viscosity (ISO centipoise) should be intermediate. However, the results 
in Text-fig. 2 indicate that the beat frequency in the low-MW methyl-cellulose 
solution is actually about zo% less than that in the high-MW methyl-cellulose 
solution. The difference between the beat frequencies in the two solutions appears to 
be significantly greater than expected on the basis of the shear rate effect, so that the 
adjustment factor must be significantly greater than o·2 log units. 

Viscosity measurements of the type illustrated in Text-fig. I indicate that, over the 
range of viscosities studied, the effect of shear rate on the viscosity of the high-MW 
methyl-cellulose solutions is about 3 times its effect on the viscosity of the low-MW 
methyl-cellulose solutions. If the beat frequency is 20% less in a low-MW methyl
cellulose solution with a measured viscosity of ISO cP. than in a high-MW methyl
cellulose solution with the same measured viscosity, it should be about 30% less in a 
solution with an actual viscosity of I so cP.; or about 2-3 times the effect originally 
predicted. The adjustment factor for a methyl-cellulose solution with a measured 
viscosity of I so cP. should then be 2-3 times that predicted on the basis of Text-fig. I, 
or o·4--o·6 log units; this will give an estimated actual viscosity of 4-o--60 cP. For the 
purposes of this paper, adjusted viscosity values have been obtained by using twice 
the logarithmic adjustment factor predicted from the measurements of the effect of 
shear rate on viscosity. This procedure obviously gives only a very rough approxima
tion to the actual viscous resistance encountered by the moving sperm flagellum, but 
it may be adequate for the needs of this paper. HL has been used in obtaining the 
adjusted viscosity values for Chaetopterus spermatozoa and in other experiments 
where a similar type of movement was obtained. HN has been used in obtaining the 
adjusted viscosity values for the type of movement found with Ciona and Lytechinus 
spermatozoa, where the forward velocity of the spermatozoa becomes very small at 
high viscosities. This procedural difference has only a slight effect on the adjusted 
viscosity values. 

OBSERVATIONS 

Effects of increased viscosity 

Stroboscopic and photographic measurements of beat frequencies at various 
viscosities for spermatozoa of an annelid, Chaetopterus variopedatus, a tunicate, 
Ciona intestinalis, and a sea urchin, Lytechinus pictus, are summarized in Text-figs. 
3-s. Other parameters determined from measurements on photographs are given in 
Tables I-3· Ve is the phase velocity of the bending waves with respect to a co-ordinate 
system fixed in the medium (Brokaw, I96s). Some derived quantities based on these 
parameters are also given in these tables. V8 = JL is the propagation velocity at which 
bending and unbending points move along the flagellum. I -(i\.VefLV8 ) is a quantity 
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appearing in the formulae for viscous bending moment and energy expenditure 
(Brokaw, I965) which is characteristic of the shape of the bending waves. The viscous 
bending moment at the bending and unbending points, M 0, and the energy expended 
per second against the viscous resistance at these points, W, have been calculated 
without considering any effects introduced by the head of the spermatowon. 

Photographs illustrating the behaviour of these spermatowa at various viscosities 
are reproduced in Pl. I. 

Table I. Parameters of the bending waves of Chaetopterus 
spermatozoa at increased viscosities 

Measured viscosity 1"4 3·2 6·s 13·6 28·3 49 65 127 313 
(cP.) 

Adjusted viscosity !•4 3·0 6·o 12 19 28 33 46 8o 
(cP.) 

Beat frequency, J, 26 20·5 !8 !6 14 !2•7 12 II 9·5 
from Text-fig. 3 
(sec. -•) 

Measurements on photographs 

Number of sperms- 37 22 9 9 3 3 4 4 7 
tozoa measured 

Radius of curvature, 4·23 3•7 3.2 2·6 2·o 1·6 1·5 1"46 !•23 
p (p,) 

Wave-length, A (p,) 19.3 16·s 14.4 13 8·3 6·7 5·8 5·o 4.24 
Length, L, of one 25·4 22·8 20·2 18·7 17 15·5 16 14·5 13·2 

wave, measured along 
the flagellum (p,) 

V, (p,/sec.) 407 26o 200 140 40 30 20 

Calculated quantities 

V, (p,fsec) 66o 470 36o 300 240 200 190 160 125 
I -(AV,/LV,) o·s4 o·6 o·6 o·68 (o·S)• o·93 o·94 o·<)(i (o·98) 
M 0 (Io-10 dyne em.) 1·5 2·1 ~·6 3•7 4·2 4.5 5·3 5·8 6·4 
W (Io-7 ergs/sec.) 1"2 I·5 1·8 2·6 3·8 4•7 5·3 5·6 6·3 

• Values given in parenthesis in Tables 1-4 have been estinlated by interpolation or calculated from 
other measured quantities, in order to obtain a more complete set of values for V,. M 0 and W. 

The wave parameters of Chaetopterus spermatozoa decrease uniformly as the 
viscosity is increased by increasing concentrations of methyl cellulose. At high 
viscosities (30 cP. or greater) most of the spermatowa swim smoothly with waves of 
small radius of curvature, as shown in Pl. I, figs. 4-6 and in Pl. 2, figs. 4 and 5 of 
Brokaw (I965). At high viscosities the spermatowa only infrequently remain near the 
surface of the slide or coverglass and instead swim freely in the solution. Their con
tinual rotation reveals the nearly planar configuration of the bending waves on the 
flagellum, in the manner previously described by Gray (I955)· Although the measured 
values indicate a gradual transition to this type of movement from the normal 
movements at low viscosity, the movements at intermediate viscosities (10-30 cP.) 
are much less regular. At intermediate viscosities the waves usually decrease in 
amplitude as they pass along the flagellum, as shown in Pl. I, figs. 2 and 3· The 
measured values in Table I refer to the proximal portion of the flagellum. In addition 
there is usually a regular alternation between periods of swimming and periods of 
inactivity. The transitions between these two states involve gradual changes in wave 
amplitude at relatively constant frequency. The inactive and active periods usually 
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Table 2. Parameters of the bending waves of Ciona spermatozoa 
at increased viscosities 

Measured viscosity 
(cP.) 

Adjusted viscosity 
(cP.) 

Beat frequency,/, 
from Text-fig. 4 
(sec. - 1 ) 

Number of sperma
tozoa measured 

1"4 

I"4 

35 

II 

Radius of curvature, 5·5 
p (p,) 

2·05 2·73 4·26 5·78 13·2 

2·o 2·6 4·o 5·3 u·5 18 

31·5 28·5 25 23 25 zo·5 r6 

Measurements em photographs 

7 12 22 6 I I 9 6 

No significant variation 

66 

13 

8 

Maximum wave 4·7 4"3 3"2 2"7 I·5 1"4 1"3 1"1 
amplitude (p,) 

Wave length, A (p,) 22·r 
Length, L, of one 30·r 

wave, measured along 
the flagellum (p,) 

v. (p,fsec.) 665 545 

22"5 
28·1 

550 

2r·8 
26 

445 

21"0 
25 

435 

Calculated quantitia 

r6 
(I8) 

335 

15"5 J4•8 
(r6·6) (I6) 

I70 

V, (p,fsec.) 
I-(A.V,/LV,) 

1070 
0"55 
3"8 
4"0 

86o 
0"48 
3"7 
3"2 

Boo 
0"45 
4"I 
3"4 

6so 
o·38 
4"0 
2"9 

575 450 
0"25 
3"9 
2"5 

360 270 210 
o·r5 
2"7 
1"3 

M 0 (ro-10 dyne em.) 
W (10- ergs/sec.) 

0"34 
4"0 
2"7 

(o·2r) (o·r8) 
3"8 3"7 
2·6 1"7 

Table 3· Parameters of the bending waves of Lytechinus 
spermatozoa at increased viscosities 

Measured viscosity 
(cP.) 

Adujsted viscosity 
(cP.) 

Beat frequency,/, 
from Text-fig. 5 
(sec.-1 ) 

1"4 1"94 2"7 4"7 6·8 7"7 

1"4 I"9 2"5 4"4 6·2 7"2 

30·I 28·5 26·5 23 21 20 

Measurements on photographs 

Number of spenna- 35 7 29 2I 3 3 
tozoa measured 

Radius of curvature, 5"1 5"1 5"1 5·6 6 6·2 
p (p,) 

Maximum wave 4·7 4·6 3·9 3·2 2·5 2·2 
amplitude (p,) 

Wave-length, A (p,) 23·6 23·0 22·3 21"7 21 19 
Length, L, of one 29·9 29·3 27·6 25·6 24·7 21 

wave, measured along 
the flagellum (p,) 
v. (p,/sec) 58o 585 500 465 425 330 

V, (p,/sec) 
I -(A.V,/LV,) 
M 0 (ro-10 dyne em.) 
W {ro-• ergs/sec) 

Calculated quantitia 

900 835 730 590 529 420 
0"49 0"45 0"45 0"34 0"30 0"29 
2"7 3"0 3"2 4"2 4"0 3"3 
:z·6 2·7 2·8 2·5 2·3 I·8 

9"1 r6·5 4I 49 

30 

17"5 14 9 9 

I2 7 

6 6 6 

1"5 0"9 

19"2 J7•8 
20·5 (I9) 

200 
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last a few seconds each, and either may be longer than the other. These irregular 
movements are difficult to measure and photograph, and no quantitative study of the 
oscillation between activity and inactivity has been made. The degree of irregularity 
appears to vary considerably between samples of spermatozoa from different animals. 
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Text-fig. 3· Beat frequencies of Chaetapterus spermatozoa in solutions of increased viscosity. 
The results of four experiments with different sperm samples have been combined without 
adjustment. Each solid circle represents the average of stroboscopic frequency measure
ments of twenty sperrnatowa. The open circles represent averages of measurements on a 
variable number of photographs. 

When low-MW methyl cellulose is used to increase the viscosity, the movements 
of Chaetopterus spermatozoa are qualitatively similar, except that the region of 
irregular movements is extended to viscosities of 100 cP. or more. At viscosities of 
3o-1oo cP. the decrease in amplitude of the waves as they pass along the flagellum is 
marked, and the latter half of the flagellum may show little or no bending. 

The wave patterns of Ciona and Lytechinus spermatozoa at increased viscosities 
differ significantly from those of Chaetopterus. The principal change with increasing 
viscosity is a decrease in the amplitude of the waves, while the radius of curvature of 
the bends remains practically constant. At high viscosities movement is restricted to 
waves of small amplitude in the proximal region of the flagellum. 

At low viscosities, up to about 6 cP., the beat frequency of Ciona spermatozoa 
declines gradually as shown in Text-fig. 4· Bending waves are propagated along the 
flagellum with nearly constant amplitude, but the amplitude declines to about half 
its original value as the viscosity increases (Table 2). The wavelength decreases very 
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slighdy, and the radius of curvature is constant within the limits of measurement. 
Typical waveforms at viscosities in this range are shown in Pl. I, figs. 7-9· 

At higher viscosities, above about I2 cP., the spermatozoa swim regularly and very 
slowly. The bending waves have maximum amplitude near the base of the flagellum 
and decrease in amplitude as they are propagated, as shown in Pl. I, figs. Io-12. The 
beat frequency declines with increasing viscosity as shown in Text-fig. 4, along a 
curve which is not continuous with the curve obtained at low viscosities. The radius 
of curvature is difficult to measure when the wave amplitude is small, but appears to 
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Text-fig. 4· Beat frequencies of Ciona sperrnatowa in solutions of increased viscosity. The 
results of four experiments with sperm samples from four different animals have been com
bined without adjuatment. Each aolid circle represents the avemge of stroboscopic frequency 
meaaurements of twenty sperrnatowa. The open circles represent averages of measurements 
on a variable number of photogmphs. 

be the same as at low viscosities. The wavelength is reduced in this viscosity range, 
but decreases only slightly with further increases in viscosity. The combined effect 
of the discontinuous variation in frequency and wavelength between the low-viscosity 
and high-viscosity ranges causes the propagation velocity, V

8
, to be a smoothly 

decreasing function of viscosity. 
At intermediate viscosities the movements of Ciona spermatozoa are very irregular 

and difficult to measure or photograph. The spermatozoa appear to alternate between 
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the two types of movement found at lower and higher viscosities. The alternation is 
usually so rapid (every few seconds) that they do not swim for sufficient time with one 
type of movement to allow them to become stabilized near a surface where they can be 
observed accurately. Occasionally a single preparation will contain a few regularly 
swimming spermatozoa with each type of movement . 
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Text-fig. 5· Beat frequencies of Lytechinus spermatozoa in solutions of increased viscosity. 
The resulta of five experiments with sperm samples from five different animals have been 
combined without adjustment. Each solid circle represents the average of stroboscopic fre
quency measurements of twenty spermatowa. The open circles represent averages of measure
menta on a variable number of photographs. 

An additional type of movement is sometimes seen with Ciona spermatozoa, usually 
at high viscosities, but occasionally at lower viscosities. Its prevalence varies greatly 
between different samples of spermatozoa. This movement is slow, with frequencies 
around 1 /sec. and has a nearly normal waveform. All the spermatozoa showing this 
type of movement appear to have lost the lateral body, containing mitochondria 
(Ezell, 1963), which can be seen on most of the rapidly swimming spermatozoa in the 
sample. Ursprung & Schabtach (1965) also noticed, during studies of fertilization in 
Ascidia nigra, that spermatozoa within the perivitelline space lost their mitochondria 
and swam very slowly. 

Spermatozoa of Lytechinus show much greater variability than those of Ciona and 
Chaetopterus, both between different sperm samples, between individual spermatozoa 
in a sample, and with time for particular spermatozoa. In many preparations there 
appear to be two distinct classes of movement--one considered 'normal' and another 
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at a lower frequency which is sometimes close to half the frequency of the first class. 
Individual spermatozoa are frequently observed to switch back and forth between 
these classes and also to show variations in amplitude at constant frequency. At low 
viscosities the slower class typically has waves of smaller amplitude and usually shows 
a noticeable decrease in wave amplitude along the length of the flagellum. At visco
sities around IO cP. the slower class often has waves of greater amplitude than the 
faster class. 

The measurements given in Text-fig. 5 and Table 3 represent attempts to select 
spermatozoa from the faster, 'normal' class of movement, but even so, these measure
ments are more variable and not likely to be as meaningful as those on Ciona and 
Chaetopterus spermatozoa. As illustrated in Pl. I, figs. I3-I7 and in Table 3, the move
ments of Lytechinus spermatozoa in viscous solutions resemble those of Ciona sper
matozoa, but the constancy of the radius of curvature of the bends is not as definite. 

In the vicinity of IO cP. the waves are strongly decreased in amplitude, and both 
the frequency and amplitude vary greatly within each preparation, so that meaningful 
averages are difficult to obtain. At higher viscosities the wavelength is reduced and 
bending is restricted to the region near the head of the spermatozoon. Under these 
conditions, although the movement appears very regular, the small amplitude of the 
waves renders accurate measurements difficult. 

Observations on thiourea-inhibited spermatozoa 

Thiourea is an inhibitor of the muscle actomyosin system (Riiegg, Straub & 
Twarog, I963) which readily penetrates the membranes of some cells. It appears to 
penetrate spermatozoa of Ciona and Lytechinus rapidly, with half-times for effective
ness of I -2 min. Chaetopterus spermatozoa appear to be much less permeable to 
thiourea; no effects have been studied with these spermatozoa. Some of the results 
with thiourea have been noted briefly in previous publications (Brokaw, I964, 
I96s). 

Concentrations of thiourea up to about o·2 M reduce the beat frequency of Ciona 
or Lytechinus spermatozoa to one-quarter to one-third the normal frequency (Text
fig. 6) with little or no change in the other wave parameters (Pl. 2, figs. I and 4). After 
a few minutes there is a gradual reduction in the amplitude of the bending waves on 
the distal portion of the sperm flagellum, and eventually the distal portion becomes 
completely inhibited, as described previously. At thiourea concentrations of 
o·2-o·3 M the beat frequency declines gradually with time until the spermatozoa 
become inactive, possibly as a result of a secondary inhibition of metabolic reactions 
in the spermatozoa (Dubois & Erway, I946). 

At thiourea concentrations in the range of o·I-o·2 M the preparations of Ciona 
spermatozoa usually contain spermatozoa which are beating at approximately twice or 
one-half the predominant frequency, as indicated in Text-fig. 6. Some spermatozoa 
are observed to switch back and forth abruptly between two of the frequencies. 
Following these spermatozoa with stroboscopic illumination shows that the ratio 
between the frequencies is often very close to 2. Pl. 2, fig. 3, shows the waveform 
characteristic of spermatozoa beating with twice the normal frequency, and may be 
compared with Pl. 2, fig. 2, which shows the same spermatozoon at its 'normal' 
frequenc~ a few seconds earlier. In this example, the increase in frequency measured 
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on the photographs was only about 70%. The radius of curvature is constant or 
slightly decreased, but the wavelength is substantially decreased, so that the pro
pagation velocity, V6l only increases by about Io%. The change in wavelength and 
wave pattern resembles that which occurs when the viscosity is increased from 6 to 
12 cP. (Text-fig. 4) where the frequency decreases along a higher curve at the higher 
viscosities. The movements at higher frequency require about so% less bending 
moment and about 20% less energy expenditure than those at the normal frequency. 

I I I 

0 OS 0·10 0·15 0·20 0·25 

Thiourea concentration (moles/1.) 

Text-fig. 6. Effect of thiourea on the beat frequency of Ciona spermatozoa. These measure
ments are all from a single experiment using one sample of Ciona spermatozoa. The measured 
points, for which a range of ± 2 S.D. units for the mean is indicated, represent the average 
of stroboscopic measurements on twenty spermatozoa. The other points indicate the presence 
of other frequency classes at half or twice the predominant frequency. 

The movements found at one-half the normal frequency are much less regular so 
that no representative photographs are available; usually the bends have somewhat 
larger radius of curvature than the normal wave pattern, indicating a tendency for the 
wavelength to increase, thus preventing a large reduction in the propagation velocity. 

These effects have not been found with Lytechinus spermatozoa. When the vis
cosity is increased by adding methyl cellulose to solutions containing thiourea, 
Lytechinus spermatozoa, now moving more slowly, respond to viscosity in a manner 
much more like that ordinarily observed with Chaetopter~ spermatozoa, as illustrated 
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in Pl. 2, figs. 4--6. Under these conditions the radius of curvature does not remain 
constant, as it does in the absence of thiourea, but decreases, to produce bending 
waves similar to those found with Chaetopterus spermatozoa at high viscosities. A 
series of quantitative measurements of wave parameters at increased viscosities in the 
presence of thiourea was attempted, but the movements were found to be too un
stable to give meaningful results. 

The most dramatic demonstration of the effects of thiourea is seen by suspending 
spermatozoa at high viscosity in solutions containing o·3 M thiourea and starting to 
observe them immediately, before an equilibrium concentration of thiourea is reached 
within the spermatozoa. The bending waves of small amplitude which ary seen at 
first change rather abruptly to bending waves with small radius of curvature, as 
shown in Pl. 2, figs. 7 and 8, but the frequency continues to decline gradually as the 
thiourea penetrates, and after a few more minutes the spermatozoa become inactive. 
The abrupt change in waveform from that shown in Pl. I, fig. I7, to that shown in Pl. 2, 

fig. 8, is not associated with any detectable change in beat frequency. 
A similar transformation between these two types of movement at high viscosities 

was sought by lowering the temperature of the microscope stage to about 5° C. 
Although the actual temperature of the sperm suspension was not determined, a 
noticeable decrease in beat frequency was observed with no change in the form of the 
bending waves. 

Ciona spermatozoa, in the presence of both thiourea and methyl cellulose, only 
rarely show this transformation to the type of movemen tcharacteristic of Chaeto
pterus spermatozoa at high viscosities. Normally, at viscosities above 8-Io cP., in the 
presence of o·I-o·2 M thiourea, Ciona spermatozoa show a completely different form 
of movement (Brokaw, I964). The flagellum forms a helix, generated at rates of 
I-2 turns/sec., with a pitch of about 20 p, and a radius of about 6 p,. Both left-handed 
and right-handed helices are common. In addition, a transverse vibration of small 
amplitude (I p, or less?) with a frequency of about Io--Is/sec. is seen, which appears 
to represent the passage of small-amplitude waves along the flagellum. Since 
many spermatowa attached to the slide by their heads show the same propagated 
helical waves, the swimming of the spermatozoa with helical flagella cannot be 
explained by assuming that the rigid helix is propelled by the small-amplitude 
vibrations. 

Observations on glycerinated spermatozoa 

The A TP-reactivated movements of glycerinated spermatozoa of Chaetopterus 
resembled those obtained with isolated flagella of Polytoma uvella (Brokaw, I96I, 
I963). Propagated bending waves and forward propulsion are observed, but the 
movement is quantitatively much less than that which is characteristic of normal 
spermatozoa. The response to increased viscosities resembles that described for 
normal spermatozoa, except that the irregularity of the movements at intermediate 
viscosities is not seen, suggesting that this irregularity might result from an imbalance 
between the supply and utilization of energy from ATP, which is avoided when ATP 
is supplied externally. 

Under similar conditions spermatozoa from Ciona do not initiate bending waves 
which pass from the base of the flagellum to the tip, but instead show only a unilateral 
bending, originating near the mid-region of the flagellum, which sometimes appears 
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to be propagated towards the tip of the flagellum. The frequency of these movements 
does not show the uniform increase with increasing A TP concentration which has 
been found with sea-urchin spermatozoa (Kinoshita, 1958) and other flagella (Hoff
mann-Berling, 1955; Brokaw 1961, 1962). Similar non-propagated movements have 
been described for the ATP-reactivated, glycerinated spermatozoa of some mammals 
(Bishop & Hoffmann-Berling, 1959). 

The ATP-reactivated movements of glycerinated spermatozoa of Lytechinus closely 
resemble the movements of normal spermatozoa, except that they show a pronounced 
asymmetry similar to that found when normal Lytechinus spermatozoa swim in sea
water sol_utions containing abnormally high concentrations of potassium ion. Sufficient 
numbers of undamaged spermatozoa are found swimming uniformly in small circles 
to permit the photographing of their movements under various conditions. However, 
in any preparation, the reactivated spermatozoa which show nearly normal swimming 
movements represent only a small fraction of the spermatozoa in the sample. Most 
of the motile spermatozoa show abnormal movements, often obviously caused by 
visible mechanical damage or by attachment to the slide or coverglass, and many 
spermatozoa are completely immotile. 

Table 4· Parameters of the bending waves of glycerinated Lytechinus 
spermatozoa at increased viscosities 

At 2 mMATP At o·2 mMATP 

Measured viscosity I•9 4·I 8·6 2I ·I I·9 6·5 2I 55 I 57 
(cP.) 

Adjusted viscosity I·9 3.9 8·2 I7 I·9 6·5 IS 44 77 
(cP.) 

Beat frequency, f 20•9 I6·o !2•2 !0•9 6·9 5·8 4.5 3.5 3·I 
(sec. -1) 

Measurements on photograph 

Number of sperma- 25 28 23 22 !8 27 2I I7 9 
tozoa measured 

Radius of curvature, 4·2 4.35 4·45 4·73 5·7 5·0 4.3 2·9 2·o 
p (~) 

Maximum wave 3·85 3·o 2·2 I ·5 5·5 4·6 3•7 3·6 4·0 
amplitude (p,) 

Wave length, A (~) 20•7 2o·I I9·I I7•2 21·8 I9·2 I6· 5 I I ·9 7•3 
Length, L, of one 26·2 24.3 22·o I9 29•2 26·2 22•I I8·6 I8·I 

wave, measured along 
the flagellum (~) 

V, (p/sec.) 370 290 200 I24 90 6o 35 8·5 

Calculaud quantitin 

V, (pfaec.) 550 390 270 207 200 I 52 IOO 65 56 
I -(AV,/LV,) o·46 o·39 o·34 (o·3) o·54 o·57 o·56 o·66 o·95 
M 0 (Io-10 dyne em.) I·5 r·8 2·1 2·8 1"0 2·2 2·8 3·2 5·2 
W (Io-7 ergs/sec.) I•2 I • I I·O I·o o·2 o·4 o·5 o·6 J•3 

The movements of a reactivated spermatozoon are very constant with time, even at 
viscosities where the movements of normal spermatozoa show considerable time
variation. The cessation of movement of a particular spermatozoon is usually abrupt. 

The effect of viscosity on the reactivated movements of glycerinated spermatozoa 
of Lytechinus was studied at two A TP concentrations, 2 and o·2 mM, by stroboscopic 
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measurements and photomicrography. The results are summarized in Table 4, and 
illustrated in Pl. 2, figs. 9-17. At 2 mM-ATP, the response to viscosity resembles that 
normally obtained with the spermatozoa of Lytechinus or Ciona. At o·z mM-ATP, 
where. the beat frequencies are significantly lower, the response to viscosity resembles 
that normally obtained with the spermatozoa of Chaetopterus and obtained with 
Lytechinus spermatozoa when the movements were slowed down by thiourea. The 
effect of thiourea therefore resembles a reduction in A TP concentration; in both cases 
the altered movement is not accompanied by an inhibition of the ability to dephos
phorylate ATP (Brokaw, 1961, 1964, and unpublished measurements). 

DISCUSSION 

Two distinctly different patterns of response to increased viscosity are shown by 
Chaetopterus spermatozoa and by Ciona spermatozoa. Since both patterns can be 
obtained with Lytechinus spermatozoa under appropriate conditions, these two 
response patterns are probably not indicative of two quite different systems for 
generating and controlling flagellar bending. The observation of both patterns 
provides a more substantial basis for detecting some of the properties of mechanisms 
common to all the spermatozoa. Only a few selected aspects of these observations will 
be discussed in further detail; the significance of many of the observations is not yet 
clear. 

Propagation velocity 

Although the detailed pattern of changes in frequency and wavelength with in
creasing viscosity is different for the spermatozoa of each of the three species studied, 
the changes are related so that in each case the bend propagation velocity, V8 , decreases 
uniformly with increasing viscosity. When plotted logarithmically, as in Text-figs. 7 
and 8, an approximately linear relationship is obtained in each case, indicating that 
the product, 1JPV8 , where f3 is an empirical constant, is approximately constant over 
the range of viscosities studied. Since the values of f3 are close to o· 5, and since 1J v; is 
a major part of the expression for the energy expended by the flagellum (Brokaw, 
1965), the linearity of these plots might in part reflect a limited range of variation in 
the energy expenditure. 

Slightly lower values of f3 are associated with the two situations where the radius of 
curvature is reduced at high viscosities, and statistical analysis of the plots suggests 
that these differences may be significant. However, the relative values of f3 will be 
influenced by the method used to obtain adjusted viscosity values, so that the standard 
deviations indicated for the slopes in Text-figs. 7 and 8 do not encompass all the uncer
tainty in these values. In any event, the differences between the slopes appear to be 
small compared to the differences in the behaviour of the radius of curvature, which is 
approximately constant in three of the experiments, and changes by a factor of approxi
mately three in the other two experiments. The relationship between propagation 
velocity and viscosity is relatively independent of changes in the radius of curvature, 
suggesting that the propagation velocity is relatively independent of the radius of 
curvature. This conclusion also follows from the observation that in spermatozoa 
swimming with asymmetrical wave patterns, in which the radius of curvature of the 
bends differs on the two sides of the flagellum (Brokaw, 1965), the propagation 
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velocities must be essentially the same on both sides. The propagation velocity also 
appears to be relatively independent of the viscous bending moment, M 0• 

The difference between the slopes of the two sets of points in Text-fig. 7, o·o6 
log units, may be predicted on the basis of the mechanism of bend propagation 
developed by Brokaw (1966), if some additional assumptions are made, as described 
in the Appendix. On this basis, and the interpretation that the f3 values obtained for 
Ciona and Lytechinus spermatozoa under conditions where the radius of curvature 
does not change indicate a true value of o·5, the velocity of flagellar bending appears 
to be inversely proportional to the square root of the viscosity in all the examples 
tudied. No clear reason for this relationship is apparent. 
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Text-fig. 7· Log-log plots of propagation velocity (V,) against adjusted viscosity for sperms
tows of Cluutopterus (aolid circles) and Ciona (open circles). The lines have been fitted by the 
method of least squares; their slopes and standard deviations, in log units, are -o·4o ± o·or6 
and -o·46±o·or, respectively. 

The influence of internal elastic elements 

In the original paper on the movements of sea-urchin spermatozoa, Sir James Gray 
(1955) pointed out that the sperm tail possessed a natural elasticity which caused it to 
be nearly straight when inactive, and suggested that the energy stored and released 
when this elastic structure was bent and unbent during normal movement might 
play an important part in the energetics of propulsion. This idea was pursued by 
Machin (r958) who proposed a propagation mechanism heavily dependent on the 
passive wave-propagating properties of an elastic flagellum. 

The presence of an elastic resistance to bending implies that an additional active 
bending moment will be required to cause bending. The magnitude of this additional 
bending moment will increase as the radius of curvature decreases, and in the simplest 
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case, where Hooke's law is followed, will be equal to kfp, where k is a constant repre
senting the bending resistance, or stiffness, of the elastic structures which resist 
bending. If the energy stored when these elastic structures are bent is not dissipated 
by other processes before unbending occurs, an elastic bending moment will be 
available to assist unbending. There will be some value of k, ~ = pM0, such that 
the sum of the elastic and viscous elements tending to unbend the flagellum will 
diminish to o at the beginning of each unbending transition. Such a condition might 
trigger the unbending process. From the equation for the viscous bending moment 
given by Brokaw (1965), 
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Text-fig. 8. Log-log plot! of propagation velocity (V,) against adjusted viscosity for sperma
tozoa of Lyuchimu in aea water (solid circles) and, after glycerination, with 2 mM A TP (crosses) 
and o·2 mM A TP (open circles). The lines have been fitted by the method of least squares; 
and their slopes and standard deviations, in Jog units, are -o·s3±o·o2, -o·4s±o·os and 
-o·36±o·o3, respectively. 

There will be another value of k, ke> such that the energy stored in the elastic 
element during bending is just sufficient to do the work which must be done against 
viscous resistances when the flagellum unbends. For an elastic element which obeys 
Hooke's law, ke = zkm. If k = ke> unbending might be a completely passive process 
which does not require an active input of energy from chemical reactions. If k > ke, 
this may still be the case, but some of the energy stored in elastic bending may be 
wasted, reducing the efficiency of movement. If k = km, or any other value less than 
ke, unbending as, well as bending, will require an active energy input. 

9 Exp. Bioi. 45, r 
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One indication that these relationships are significant would be the maintenance 
of a consistent proportionality between the elastic and viscous bending moments. 
Such a proportionality will also be characteristic of the propagation of bending waves 
along a passive elastic filament, as discussed by Machin (1958), but its occurrence does 
not therefore imply that wave propagation is mechanical, as concluded by Holwill 
(1965). In the terms of Machin's model for an active flagellum, the viscous and 
elastic bending moments will be proportional if the response of the active bending 
elements is adjusted to maintain a fully efficient use of the energy stored by elastic 
bending of the flagellum, as indicated by the condition for maximum propulsive 
efficiency given by Machin (1958). The response of the active elements to passive 
deformation must be adjusted to maintain a constant phase angle between input and 
output, irrespective of changes in frequency caused by viscosity or other variables. 
This cannot be done by a system in which there is simply a constant time delay 
between input and output (Brokaw, 1962). The maintenance of a proportionality 
between elastic and viscous bending moments may therefore suggest that the flagellum 
operates in a manner which efficiently uses the elastic energy of bending, but does not 
indicate how this is accomplished. 
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Text-fig. 9· Increase in bending moment with increasing curvature (1/p) for Cluutopterus 
spermatozoa. The line, fitted by the method of least squares, intercepts the ordinate at 
M 0 = o·16 x lo-10 dyne em, and the standard deviation of this intercept is o·4 x lo-10 dyne 
em, indicating no significant divergence from the origin. 

A proportionality between elastic and viscous bending moments is indicated for the 
movements of Chaetopterus and Ciona spermatozoa at increased viscosities. In the 
case of Chaetopterus spermatozoa both M 0, the viscous bending moment, and 1 fp, 
which may indicate the magnitude of an elastic bending moment, increase with in
creasing viscosity, and they are related more or less linearly (Text-fig. 9). In the case 
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Text-fig. 10. Test of the proportionality between elastic and viscous bending moments with 
increasing viscosity for spermatozoa of Ciona (open circles) and Chaetopterus (solid circles). 
The hypothesis predicts that the points should lie on straight lines with slopes of - I·o. The 
lmes have been fitted by the method of least squares; their slopes and standard deviations 
are - o·96 ± o·o4 and -t·os ± o·oz, respectively. 
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Text-fig. II. Test of the proportionality between elastic and viscous bending moments with 
increasing viscosity for spermatozoa of Lytechinus in sea water (solid circles) and after glycer
ination, with 2 mM ATP (crosses) and o·z mM ATP (open circles). The lines have been 
fitted by the method of least squares; their slopes and standard deviations are - o·69 ± o·I4, 
-o·s3±o·os, and -o·84±o·Io, respectively. 
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of Ciona spermatozoa, both M 0 and p remain essentially constant at increased vis
cosities (Table 2). In Text-fig. IO these relationships are illustrated by log-log plots 
ofp2£2[I -(AVJLV8 )] against CJ. This presentation is analogous to Holwill's (I965) 
log-log plot of A against CJ, based on a sinusoidal model of the bending waves, for 
the movement of the flagellum of Strigomonas oncopelti at increased viscosity. Holwill's 
results, and the results presented here for Chaetopterus and Ciona spermatozoa 
(Text-fig. 10) give strong evidence that at increased viscosities the parameters of the 
bending waves are adjusted to maintain a consistent proportionality between viscous 
and elastic bending moments. (Although the statistical analysis of the points for 
Ciona spermatowa suggests that the slope of the line fitted to the points may be 
significantly different from - I ·o, these slopes will also be influenced by the manner 
in which the adjusted viscosity values have been obtained, so that the standard 
deviations indicated for the slopes do not encompass all the uncertainty in these 
values.) The results for Lytechinus spermatozoa (Text-fig. u) are much less satis
factory, possibly because of the greater variability in the movements of Lytechinus 
spermatozoa and the difficulty in accurately interpreting the asymmetrical movements 
obtained with glycerinated spermatowa. Log-log plots of A' against C J from these 
results are much less linear, and give slopes of approximately - I'9 for Chaetopterus 
spermatozoa, - o·8 for Ciona spermatozoa, and - o· 5 for Lytechinus spermatowa, 
suggesting that a sinusoidal model is not adequate for interpreting these results. 

The change in beat frequency between the two A TP concentrations used with the 
glycerinated spermatozoa of Lytechinus is also accompanied by changes in other 
parameters of bending which tend to maintain the same proportionality between 
viscous and elastic bending moments at the two A TP concentrations. If this adjust
ment were complete, the sets of points at the two ATP concentrations (Text-fig. I I) 
should be co linear; the results are not precise enough to provide any additional sup
port for the hypothesis of proportionality. If the results were more precise the finding 
of two parallel lines (Text-fig. I I) for the normal spermatowa and for the glycerinated 
spermatozoa might suggest that the glycerination treatment changes the stiffness of 
the flagellum. 

Several situations have been encountered in which a proportionality between 
viscous and elastic bending moments is not maintained. The initial inhibition of 
Lytechinus and Ciona spermatowa by thiourea reduces the beat frequency without 
significantly altering any of the other wave parameters. This represents a sizeable 
reduction in viscous bending moment with no apparent change in the elastic bending 
moment. Similar changes are associated with the very slow movements of Ciona 
spermatozoa lacking the lateral body. In the alternation of thiourea-inhibited Ciona 
spermatozoa between two different frequencies, as illustrated by the spermatozoon 
shown in Pl. 2, figs. 2 and 3, the higher-frequency movement requires considerably 
less viscous bending moment, but the elastic bending moment is, if anything, in
creased. A final example is provided by the absence of changes in wavelength when the 
beat frequency of Strigomonas flagella is altered by changing the temperature (Holwill 
& Silvester, 1965). 

Some, but probably not all, of these discrepancies might be explained by alter
ations in the stiffness of the flagellum. They argue against the suggestion that the point 
of unbending might be controlled by the sign of the sum of the elastic and viscous 
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bending moments. The suggestion that unbending is driven by energy stored by 
elastic bending does not require that M 0 always = kfzp, but only that M 0 never 
exceeds this value. If the results with Chaetopterus and Ciona spermatozoa at increased 
viscosities indicate situations where this limitation on M 0 determines the parameters 
of bending, the other results may represent situations where the flagellum is operating 
at less than maximum efficiency with respect to use of stored elastic energy during 
unbending so that M 0 is determined by other factors and need not be proportional 
to Ijp. Further insight into the possible role of elastic elements in unbending must 
be sought by other methods. 

Radius of curvature and energy expenditure 

A partial analysis of the varied patterns of changes in wave parameters with in
creasing viscosity can be based on the condition that these changes must maintain a 
constant proportionality between viscous and elastic bending moments. This pro
portionality requires that the product, CrJp2L2[I -(AVJLV8 )] must remain constant 
as the viscosity changes. To a first approximation, CL is proportional to the viscosity. 
This product could be kept constant by changes in f such that C rJ was constant, 
without requiring any changes in the other wave parameters. In all cases the reduction 
in f is less than that required to keep C rJ constant. Since f may be established by an 
oscillator localized at the base of the flagellum (Brokaw & Goldstein, I965), it may be 
relatively insensitive to the changes in viscosity which will influence the resistance to 
movement of the flagellum. Consequently, in all the cases examined, a reduction in 
p2V[I -(AVJLVB)] is required to maintain the proportionality between viscous and 
elastic bending moments at increasing viscosities. 

If M 0 andp cannot change in response to changes in viscosity, as appears to be the 
case with Ciona spermatozoa, L2[ I - ( AV J L VB)] must be reduced at increased vis
cosities, and it can be shown that, for constant p, reductions in L2 must be accom
panied by reductions in wave amplitude and the quantity I-(AVJLVB), and vice 
versa, so that the wave amplitude must be reduced, as is found with Ciona sper
matozoa. The energy expended by the flagellum will be proportional to 

(Brokaw, I965). If p and the second term are constant, and/ decreases with increasing 
viscosity, there must be a decrease in energy expenditure as indicated in Table 2. 

If the active bending moment can be increased in response to changes in viscosity, 
M 0 will increase, and the related decrease in p will reduce the amount of decrease 
required in the term V[I -(AVJLVB)]. Decreases in p will probably cause some 
decrease in L, and with Chaetopterus spermatozoa, the term I - ( AV J L VB) increases 
towards its limiting value of I ·o as the viscosity is increased (Table I). If the decrease 
in p were such that p2 was proportional to f, the waveform could be adjusted to main
tain constant proportionality between viscous and elastic moments without any change 
in the energy expenditure. This type of behaviour was never observed. Instead, there 
is a much greater decrease inp with increasing viscosity, so that the termffp2 increases 
and there is a sizeable increase in energy expenditure, as indicated in Table I. Similar 
behaviour was found with the glycerinated spermatozoa of Lytechinus at the lower A TP 
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concentration. Measurements of the angular velocity of movement of the large com
pound abfrontal gill cilia of Mytilus (Yoneda, 1962) also indicated that the calculated 
bending moments and energy expenditures increased significantly as the velocity was 
decreased by increasing the viscosity. 

In these instances, where the bending moment increases at increased viscosities, 
the behaviour of the flagellum may be controlled in a manner similar to that of muscle, 
where increased tensions and work outputs are found at lower shortening velocities. 
A measure of the bending velocity (V) of Chaetopterus sperm flagella at various 
viscosities can be obtained by adjusting the values of propagation velocity on the 
basis of the model discussed in the Appendix. A plot of bending velocity against 
bending moment for these spermatozoa then has the form shown in Text-fig. 12, and 
may be compared with typical curves obtained for muscle, by plotting shortening 
velocity against force (Prosser & Brown, 1961). An essentially linear relationship can 
be found by plotting bending velocity against the reciprocal of the bending moment, 
indicating that the points in Text-fig. 12 are adequately fitted by a curve based on the 
relationship 
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Text-fig. 12. Plot of relative bending velocity against viscous bending moment for the 
spermatozoa of Chaetopterus. The curve was obtained by fitting a straight line to a plot of 
relative bending velocity against the reciprocal of the viscous bending moment. 

This result differs from the results usually obtained with muscle and expressed by the 
relationship 

(P+a)(V+b) =a constant, 

in that there is no indication of a constant equivalent to a, and the constant equivalent 
to b is relatively small. 
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The above interpretation implies that with Chaetopterus spermatozoa increased 
viscosity causes a decrease in bending velocity, which permits the flagellum to generate 
a greater active bending moment. This increased active bending moment permits 
proportional increases in both the viscous and elastic resistances to bending, indicated 
by increases in M 0 and Ijp. 

This type of response to increased viscosity, which involves increases in active 
bending moment and energy expenditure, may be prohibited under conditions where 
the system is already using nearly all its available energy. It was found in Chaetopterus 
spermatozoa, which have the lowest normal propagation velocities and energy 
expenditures, and in thiourea-inhibited and low-A TP movements of Lytechinus 
spermatozoa, where a low beat frequency and a low energy expenditure were obtained 
without reducing the rate of A TP-dephosphorylation, which is probably the source of 
energy for movement. It was not found by lowering the temperature with Lytechinus 
spermatozoa, which will presumably decrease the availability of energy as well as the 
frequency and energy expenditure. However, the absence of clear intermediates 
between the two types of response to increased viscosity is not fully explained by 
these considerations. The observations presented in this paper include a number of 
indications that particular types of wave movement are relatively stable, in comparison 
to other possible patterns. This is shown clearly by the sharpness of the transition 
between movements with normal and reduced radius of curvature, when Lytechinus 
spermatozoa are exposed to o·3 M thiourea. A different type of stability situation occurs 
with Ciona spermatozoa, resulting in a discontinuity in the response of beat frequency 
to increasing viscosity, and, under some conditions, an alternation between two 
relatively stable patterns of movement at different frequencies. These observations 
may indicate important properties of the mechanisms controlling the generation and 
propagation of flagellar bending waves, but their meaning is not clear at the present time. 

SUMMARY 

1. Two distinctly different patterns of sperm movement in response to increased 
viscosity have been found, which appear to be variations in the behaviour of a common 
mechanism for generating and controlling flagellar bending waves. 

2. One type of pattern is found with the normal movements of spermatozoa of 
Ciona and Lytechinus, and with glycerinated Lytechinus spermatozoa when their 
movements are reactivated at high (2 mM) ATP concentrations. The radius of curva
ture of the bends on the flagellum, and the viscous bending moment, remain relatively 
constant, while the propagation velocity, wave amplitude, and energy expenditure 
decrease with increasing viscosity. 

3· The second pattern of response is found with the normal movements of sper
matozoa of Chaetopterus, with Lytechinus spermatozoa when the beat frequency is 
reduced by the presence of an inhibitor, thiourea, and with glycerinated Lytechinus 
spermatozoa when their movements are reactivated at low (o·2 mM) ATP con
centrations. The decrease in propagation velocity with increasing viscosity is accom
panied by substantial reductions in the radius of curvature, and the wave amplitude 
is not greatly decreased. This response involves an increase in viscous bending 
moment and energy expenditure as the rate of bending decreases, and may resemble 
the increased force and work outputs obtainable from muscle at reduced shortening 
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velocities. This type of response is obtained under conditions where the initial beat 
frequency and energy expenditure are relatively low, and may not be possible when the 
initial level of energy expenditure is higher. 

4· Although each species shows a unique pattern of changes in frequency and 
wavelength with increasing viscosity, the relationship between bend propagation 
velocity and viscosity has nearly the same form in each case, indicating that the 
velocity of bend propagation is relatively independent of the magnitude of the bend. 
This result is consistent with at least one proposed mechanism for bend propagation. 
On the basis of this mechanism, the results suggest that the rate of bending is inde
pendent of the magnitude of the bend and inversely proportional to the square root 
of the viscosity. 

5· In some cases, the wavelength and other wave parameters are adjusted so that a 
constant proportionality between viscous and elastic bending moments will be main
tained as the viscosity is increased. This proportionality will also be maintained during 
the passive propagation of bending waves along an inert flagellum, and for an active 
flagellum it implies that the wave parameters are adjusted so that energy stored in 
elastic be,nding of the flagellum could be efficiently used to effect unbending, without 
indicating how this adjustment is accomplished. Other cases, in which the propor
tionality between viscous and elastic bending moments is not maintained, may re
present cases where the flagellum is not operating efficiently. 

6. Under certain conditions the normal nearly planar bending waves of Ciona 
spermatozoa are replaced by helical bending waves. 

APPENDIX 

Bend propagation 

The propagation mechanism considered here is based on the local passive spread of 
bending ahead of a region of active bending (Brokaw, 1966), but the mathematical 
formulation may be general enough so that the conclusions are applicable to other 
types of locally spreading signals for the activation of bending. 

Internal shear within a flagellum will smooth any attempt to produce abrupt 
transitions between bent and unbent regions along a flagellum. As a result, bending 
will spread slightly ahead of any point at which such a transition is attempted. If 
active bending can be triggered by the passively spread bending, the transition may 
be self-propagating. The spread of passive bending can be expressed by the following 
equation (Brokaw, 1966): 

: = _!__ +_!__ d (Ifp) 
p Po a2 dsZ , 

where s = distance along the flagellum, 1 fp = the actual curvature of the flagellum 
at any point s, I/Po is the curvature which would be produced as a result of active 
bending if there were no shear within the flagellum, and a is a constant determined 
by the structural properties of the flagellum. A solution to this equation was given 
previm,1.sly (Brokaw, 1966) for the case where the rate of active bending is infinitely 
great; a more general case will now be considered. 

Let I/Pa be the amount of curvature which is sufficient to activate bending. The 
rate of active bending, d(Ifp0)fdt = o at all points where Ijp is less than I/Pa· For 
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Ifp ~ I/Pa> the rate of active bending will be assumed to be a constant, R, until a 
maximum value of 1jp0 = K is reached. If the transitions propagate at a constant 
velocity, V81 with constant shape, I/Po will have the form indicated by the solid line 
in Text-fig. 13. It is convenient to set the points = oat the point where I/Po = K/2. 
A solution to the differential equation given above will then haye the following form: 

Ijp = A~+Be-a8 +Cs+D. 

The constants in this expression can be evaluated to satisfy symmetry and boundary 
conditions, leading to the following complete solution: 

Ijp = K(I -(~-ra)e"'3/fCUZ] S ~ -a 

Ifp = (I/2)K{I -sfa)+K{e"'8 -e--4B)e-aaf~ -a ~ s ~ a 

Ifp = K{~-e-«a)e--4BffCUZ s ~ a, 

where a = K VBfzR. This solution is illustrated by the dashed line in Text-fig. I3, 
for the case where I/Pa = o·z8K, which corresponds to the wave pattern of Chaeto
pterus spermatowa at normal viscosities, if Pa = IS f.l· 
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Text-fig. 13. Curvature (daahed line) as a function of distance along the flagellum in the 
vicinity of a bending transition caused by the active bending indicated by the solid line. 

At s = a, the point of activation, 

Ifp = I/Pa = K(I -e-2aa)f¥W = R(1 -e-a.kVJR)fzaV8 • 

From this equation the behaviour of VB asK varies, Rand I/Pa being constant, can be 
obtained, as illustrated in Text-fig. 14. From this curve, values of R corresponding to 
measured values of VB can be obtained for the values of K measured at various vis
cosities. If this procedure is applied to the results for Chaetopterus spermatozoa, on 
the assumption that Pa = I 5 f.l, a log-log plot of R against adjusted viscosity yields a 
line with a slope of - o· 48 ± o·o I (S.D.) log units, which is now not significantly 
different from the results obtained with Ciona and Lytechinus spermatozoa (Text
figs. 7, 8). The results are consistent with the model for bend propagation considered 
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Text-fig. 14. Effect of the amount of bending on the bend propagation velocity (V,) for the 
propagation mechanism discussed here. The abscissa measures the mtio between the curva
ture of the flagellum and the minimum curvature required to activate bending. 

here, but in view of the number of assumptions made they cannot be considered to 
provide much support for the model. The model predicts that bends cannot be pro
pagated unless their curvature is greater than zfpa, which appears to indicate a maxi
mum possible radius of curvature for the propagated bends of Chaetoptn-us sper
matozoa of about 7·5 p. No observations conflicting with this conclusion have been 
noticed. 
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EXPLANATION OF PLATES 

PLATE I 

Movement of spermatozoa at increased viscosities. Figa. I--6 (left column) show spermatozoa of 
Chaetopterus. Figs. 7-I2 (centre column) show spermatozoa of Ciona. Figs. I3-17 (right column) show 
spermatozoa of Lytechinus. Normal movements (viscosity I"4 cP.) are illustrated in Pl. I, figs. I--{), of 
Brokaw (I96s). The flash frequencies and the measured viscosity for each photograph are listed below. 
Figa. s and 6 show spermatozoa swimming in solutions containing low-MW methyh:ellulose; com
parable photographs showing movement in solutions containing high-MW methyl cellulose are shown 
in Brokaw (I96S), Pl. 2, figs. 4 and 7· 

Flash Measured Flash Measured 
rate viscosity rate viscosity 

Fig. (per sec.) (cP.) Fig. (per sec.) (cP.) 

40 2"9 IO 40 I4 
2 30 14"4 II 20 49 
3 2S 28·3 I2 IS > IOO 
4 20 6s I3 so 2·6 
s IS 340 I4 so 4"SS 
6 IO 940 IS 40 6·8 
7 so 2·os I6 40 9"I 
8 so 4"26 I7 20 41 
9 40 6·2 

PLATE 2 

Figs. I-3· Movement of spermatozoa of Ciona in solutions containing thiourea. Fig. r. Flash rate 
2s/sec.; o·I7S M thiourea. Figa. 2, 3· Flash rate 30/sec.; o·Is M thiourea. 

Figs. 4-8. Effects of thiourea and increased viscosity on the movement of spermatozoa of Lytechinus. 
Flash rates 20/sec. Fig. 4· Measured viscosity r-4 cP.; o·IS M thiourea. Fig. S· Measured viscosity 
6·7 cP.; o·IS M thiourea. Fig. 6. Measured viscosity I20 cP.; o·1s M thiourea. Fig. 7· Measured vis
cosity I3·6 cP.; o·3 M thiourea. Fig. 8. Measured viscosity I4S cP.; o·3 M thiourea. 

Figs. 9-I2. Movement of reactivated spermatozoa of Lytechinus at an ATP concentration of 2 mM. 
Fig. 9· Flash rate 40/sec.; measured viscosity I·9 cP. Fig. IO. Flash rate 30/sec.; measured viscosity 
4· I cP. Fig. I I. Flasi! rate 2S/sec.; measured viscosity 8·6 cP. Fig. 12. Flash rate zo/sec.; measured 
vi8C08ity zi·2 cP. 

Figs. I3-I7. Movement of reactivated spermatozoa of Lytechinus at an ATP concentration of o·z mM. 

Fig. I3. Flash rate I4/sec.; measured viscosity I·9 cP. Fig. I4. Flash rate IS/sec.; measured viscosity 
9·4 cP. Fig. IS. Flash rate 12/sec.; measured viscosity 22 cP. Fig. I6. Flash rate Io/sec.; measured 
viscosity 6I cP. Fig. I7. Flash rate 6/eec.; measured viscosity I64 cP. 




