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ABSTRACT

After insemination, mammalian sperm undergo a striking change in flagellar beat pattern, termed hyperactivation. In low-

viscosity culture medium, nonhyperactivated sperm flagella generate relatively symmetrical, tow-amplitude waves, while hyper-

activated sperm flagella generate an asymetrical beating pattern that results in nonprogressive movement. Since sperm encounter

highly viscous and viscoelastic fluids in the female reproductive tract, the progress of hyperactivated sperm was compared with

that of nonhyperactivated and transitional sperm in media of increasing viscosity. Hamster sperm obtained from the caudat ep-

ididymis were incubated in a medium that promotes capacitation. After 0, 3, and 4 h of incubation, the majority of the sperm

exhibited, respectively, activated, transitional, and hyperactivated motility. At each of these time points, aliquots of sperm were

removed from incubation and added to solutions of 0, 5%, 10%, 20%, and 30% Ficoil in medium. Samples containing mostly

hyperactivated sperm (4 h) maintained higher swimming and flagettar velocities and were able to generate greater forces in

response to increased viscous loading than activated sperm (0 h). Transitional sperm (3 h) showed an intermediate response.

The paths of hyperactivated sperm through solutions of 20% and 30% Ficoll were considerably straighter than those made

through medium alone. This is the first demonstration that hyperactivation can confer a mechanical advantage upon sperm in

the oviduct where they may encounter viscous oviductal fluid and a viscoelastic cumulus matrix.

INTRODUCTION

After insemination, mammalian sperm must pass through

the cervix (in some species), uterus, uterotubal junction,

and oviductal isthmus to reach the oocyte in the oviductal

ampulla. These female organs impose different physico-

chemical environments upon the sperm that can affect their

flagellar activity and consequently their progress toward the

oocyte. Chemical properties of luminal fluids, which com-

prise secretions and serum transudates, influence sperm cell

physiology and the capacitation process [1, 2]. Physical

properties of luminal fluids and epithelial surfaces may also

affect fertilization by influencing sperm movement [3-5],

but it is not yet known how these factors affect sperm trans-

port. In the female tract, sperm undergo a striking alter-

ation in flagellar motion, termed hyperactivation [5, 6]. In

low-viscosity fluid in vitro, hyperactivated sperm exhibit

asymmetrical flagellar beats of large amplitude and curva-

ture, producing trajectories that are irregular and/or highly

curved. In contrast, caudal epididymal or freshly ejaculated

sperm tend to swim with lower amplitude, more symmetric

flagellar beats along trajectories that are nearly straight (3,5,7].

Since hyperactivated sperm have been recovered predom-

Accepted October 3, 1990.

Received June 28, 1990.

‘This research was supported in part by NIH grant HD-19584 (S.S.S.) and NSF

grant 86-16134 (DElL). College of Veterinary Medicine, Univ. of Florida Journal Se-

ries No. 262.

‘Correspondence: Susan S. Suarez, Department of Physiological Sciences, Box J-

144 Health Science Center, University of Florida, Gainesville, FL 32610-0144. FAX:

904-392-5145.

inantly from the oviduct [3,8-10], it has been proposed that

hyperactivation assists the sperm in reaching the oocyte or

penetrating its vestments in vivo [3, 5]. Nevertheless, the

means by which this vigorous, but nonprogressive move-

ment assists the sperm in reaching the oocyte plasma mem-

brane have not been fully elucidated.

In studying the role of hyperactivation in sperm trans-

port and fertilization, it is important to account for the ef-

fects of physical properties of the sperm’s environment. For

example, when hyperactivated hamster sperm enter the cu-

mulus extracellular matrix, a highly viscoelastic gel, there

are striking changes in their movement characteristics [11].

Hyperactivation may begin in the oviductal isthmus [10], an

environment whose secretions include a mucus-like ma-

terial [12-15]. Thus, biologically relevant environments in

which to study hyperactivation must include media of el-

evated viscosity and elasticity. Measurement of the charac-

teristics of sperm motion in such environments is required

to assess the role of flagellar activity in transport and fer-

tilization [5]. Such characteristics can also be applied to

computations of forces generated by sperm, which provide

further insight into the mechanisms whereby flagellar mo-

tion enables sperm to reach the oolemma [5]. In the pres-

ent study, such computations have been performed. We have

investigated whether elevated viscosity alters the force-gen-

erating ability of hamster sperm. Such sperm were studied

immediately after collection from the epididymis (the “ac-

tivated” state), during transition to hyperactivated motion

(the “transitional” state), and after assumption of hyperac-

tivated motion (the “hyperactivated” state). Our hypothesis
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376 SUAREZ ET AL.

FIG. 1. Illustration of measurement of flagellar bend amplitude (- #{149}-)

and half wavelength (---).

was that the hyperactivated state enables sperm to generate

increased forces in response to elevated viscous resistance,

thereby confering a mechanical advantage on such sperm.

We used Ficoll to elevate the viscosity of the medium, since

it is a highly soluble, relatively inert polymer that rapidly

forms homogeneous solutions [16]. Viscous properties of

these solutions were directly measured over a range of shear

rates relevant to sperm motion.

Materials

MATERIALS AND METHODS

Retired breeder male golden hamsters (Mesocricetus au-

ratus) were purchased from Simonsen Laboratories, Inc.

(Gilroy, CA) and maintained under a 14L: 1OD diurnal cycle.

All inorganic chemicals were purchased from Mallinckrodt,

Inc. (Paris, KY) and organics from Sigma Chemical Co. (St.

Louis, MO), except for HEPES buffer and Fraction V BSA,

which were from Calbiochem, Behring Diagnostics (La Jolla,

CA).

A hamster sperm capacitation medium modified from

Mrsny and Meizel [171, which included 25 mM HEPES buffer,

12 mg/ml BSA, and 0.5 mM hypotaurine [18], was used for

all experiments. The pH was adjusted to 7.6 with NaOH,

then the medium was filtered through a 0.22-p.m Millex-GV

sterile filter (Millipore, Bedford MA) and equilibrated with

5% CO2 in air. At equilibration, the pH was approximately

7.45. Ficoll solutions were made from 400 kDa Ficoll (Sigma,

F-9378) dissolved directly in medium. Methyl cellulose

(Sigma, M-0512) was also dissolved directly in medium.

Slide chambers used for videotaping sperm were pre-

pared as follows. A solution of 0.4% agar (G. Cornwall, pers.

comm.) was prepared in filtered water (Milli-Q system, Mil-

lipore) by heating to nearly boiling. The temperature was

lowered to 60#{176}Cand then glass slides were briefly sub-

merged, the solution was wiped off of one side, and the

slide was dried in a vertical position. Number 1 glass cover-

slips (22 X 30 mm) were also submerged and then dried

vertically. Glass beads measuring 100 p.m in diameter were

mixed into silicon grease (E.Z. Drobnis, pers. comm.) and

four posts of the mixture were applied to the slides in the

area where the four corners of the coverslip would make

contact. Forty microliters of sperm suspension was added

onto the center of the slide, then a coated coverslip was

pressed down onto the four posts until stopped by the glass

beads, creating a chamber approximately 100 p.m deep.

Sperm Preparation and Analysis

Sperm were removed from the caudal epididymides by

puncturing the ductus epididymis, drawing out the con-

tents with fine tweezers, then immediately immersing them

in 37#{176}Cmedium. Sperm numbers were adjusted to 2 X

106/ml and the sperm were incubated in 1 ml of medium

in 1 .5-ml Eppendorf tubes open to 5% CO2 in air. After 0,

3, and 4 h of incubation, 50-p.l aliquots of sperm were re-

moved and mixed with Ficoll dissolved in medium to achieve

final Ficoll concentrations of 0, 5%, 10%, 20%, and 30%.

The sperm suspensions in Ficoll were transferred to pre-

warmed slide chambers that were then placed onto a mi-

croscope stage warmed to 37#{176}Cby an Arenberg Sage Air

Curtain (Jamaica Plain, NY). Videotaping was performed

immediately after mixing sperm with each concentration of

Ficoll, such that each treatment spent an equal amount of

time in the Ficoll.

In addition to videotaping for assessment of motility, as-

sessment of capacitation of sperm was made by directly de-

termining the percentage of motile, acrosome-reacted sperm

after 5 h incubation. Samples of sperm were placed on un-

coated slides and the acrosomal status was determined by

examining the heads of 100 motile sperm via phase-con-

trast optics at 400X magnification.

The videotaping was performed with a Tritronics shut-

tered videocamera (Burbank, CA) set to 1 /500-sec expo-

sures and recorded on a 3/4-inch JVC U-Matic video cas-

sette recorder (model CRO6600U, Victor Co. ofJapan) at the

rate of 60 fields/sec. The passage of time in 1/100 sec was

simultaneously recorded with the image of the sperm, us-

ing a ForA video time/date generator (model VFG 33, Los

Angeles, CA). A 25X Zeiss phase-contrast objective was used.

At least ten microscope fields were recorded for each sam-

ple.

For motility evaluation, measurements were taken of the

firstsperm to enter each of ten microscope fields for each

sample. Measurements were taken directly from individual

video fields on a Panasonic CCTV monitor by using a Graf-

bar GP7 Sonic Digitizer (Science Accessories Corp., Strat-

ford, CT) coupled to a MacIntosh 512K computer (Apple

Computer, Inc., Cupertino, CA). The output of the digitizer

was converted to point-to-point measurements by a pro-

gram written in Microsoft Basic (Microsoft Corp., Redmond,

WA) by W. Gottlieb. The measurements consisted of the

amplitude and half wavelength of the greatest principle fla-

gellar bend (Fig. 1), the flagellar beat frequency, and the

progressiveness. The progressiveness was measured as

straight line velocity divided by average path velocity (VSL/

yAP) [5], each velocity measurement being made over a pe-

riod of 1 sec. The values obtained were not normally dis-

tributed, so the nonparametric Randomization Test was used

to compare treatment effects (19] and medians are reported

rather than means. Differences with a probability of chance

occurrence below 0.05 were considered to be significant.
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The viscoelastic properties of the Ficoll solutions were

measured using a Weissenberg Rheogoneometer [20]. The

procedure involved applying a range of steady shear rates

to each solution. This experimental range was designed to

span the estimated range of shear forces encountered by

sperm in vivo [11].

RESULTS

The hamster sperm culture medium was determined to

display shear-thinning behavior, in which viscosity de-

creases with increased applied shear rate (Fig. 2 and AP-

PENDIX). The degree of shear thinning decreased with in-

creasing Ficoll concentration, and was found to be due to

the presence of serum albumin in the medium rather than

100 Ficoll.
Incubation of sperm in culture medium lacking Ficoll

produced the changes in movement pattern associated with

hyperactivation and capacitation of hamster sperm in vitro

[18, 21]. Three incubation time points were chosen for ex-

amination because the majority of sperm exhibited distinct

FIG. 3. Movement patterns of hamster sperm during capacitation in vitro, traced from individual frames of videotape. The tracing of the first video

frame is a solid line and subsequent frames are indicated by line fragments of decreasing length. (A) Activated sperm at 0 h in medium alone. Flagellar

beating was rapid, planar, and of moderate amplitude. (B) Transitional sperm at 3 h exhibited three-dimensional beats of increased asymmetry and am-

plitude that produced helical trajectories. (C) Hyperactivated sperm at 4 h of incubation displayed asymmetrical, two-dimensional, high-amplitude flagellar

beating. ID) Sperm in 35% Ficoll after 0 h of preincubation. (E) Typical movement pattern of sperm in 20-30% Ficoll after 0, 3, and 4 h of preincubation

in medium.
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378 SUAREZ El AL.

swimming patterns at each point: 0 h for activated [6] mo-

tility, distinguished by moderate amplitude, quasisymmet-

rical flagellar beats (Fig. 3A); 3 h for transitional motility,

distinguished by larger amplitude, more three-dimensional

beats, and helical trajectories (Fig. 3B) [18]; and 4 h, for

byp era ctivated motility, distinguished by high curvature,

asymmetric beats (Fig. 3C) [18]. After 5 h of incubation, the

mean percentage of motile sperm lacking acrosomes was

38.0 (range 31 to 52; n = 5), indicating that capacitation

was occurring under these conditions [18].

Sperm movement displayed viscosity/Ficoll concentra-

tion dependence at each of the three incubation time points.

The effect was visually striking at the highest Ficoll con-

centration; here sperm flagella at all time points exhibited

a pattern of two-dimensional, low-amplitude and low-wave-

length beats resembling ripples of a surface wave on water

(Fig. 3E). This pattern occurred even after 3 h of incuba-

tion, when most control sperm were exhibiting conspicu-

ous three-dimensional beats and trajectories. The damp-

ening effect of the Ficoll could be reversed by diluting with

medium, indicating that the effect was mechanical rather

than physiological. At the highest viscosities (20% and 30%

Ficoll), there were no significant differences across time

points for flagellar amplitude or wavelength (Tables 1A and

1B). The common swimming patterns at increased viscosity

signified an increased directionality of swimming for tran-

sitional and hyperactivated sperm (Table 1C). In medium

with >10% Ficoll, the trajectories of transitional and hy-

peractivated sperm were as straight as those for activated

sperm. Moreover, the percentages of free-swimming, space-

gaining motile cells were higher for the 3-h and 4-h in-

cubation times. Thus, in 20-30% Ficoll there were higher

percentages of forward-moving sperm during the onset and

development of hyperactivation than at the time of original

sperm preparation (Table 1D).

In contrast to similarities in the patterns of sperm mo-

tion at elevated viscosity, there were incubation-time-

dependent differences in the ability of sperm to penetrate

the Ficoll solutions. Although swimming velocities were

suppressed by increasing viscosity, sperm incubated for 4

h swam faster than those at 3 h, which swam faster than

those at 0 h (Table 1E). The product of flagellar amplitude

(p.m) and beat frequency (Hz, which estimates maximum

flagellarvelocity) was significantly elevated for the 4-h sperm

suspensions (median = 55, range 31-71, for 30% Ficoll;

median 32, range 18-37 for 0% Ficoll).

Since the maximum flagellar velocity was only detected

to be significantly greater among 4-h sperm than among

0-h sperm in 30% Ficoll, 25% and 35% Ficoll were tested

(the latter being the maximum concentration that could be

achieved repeatedly). In this case, for each sample, 20 sperm

were measured in 20 different microscope fields, and sperm

were only tested at 0 h and when a peak of hyperactivation

was observed, which was shortly after 3 h of incubation. In

this experiment, 77% of the motile sperm were activated

TABLE 1. Movement parameters of sperm suspended in viscous Ficoll

solutions.�

%Ficoll

A. Flagellar beat amplitude (lJ.m)

Oh 3h 4h

0

5

10

20

30

23 (19- 26) <34 (22- 52) <37 (26- 49)

18 (16- 29) <33 (19- 39) 30 (27- 38)

17 (14- 20) 20 (14- 22) <23 (16- 33)

10 (6- 15) 11 (9- 12) 12 (9- 13)

5 (4- 10) 6 (6- 9) 9 (4- 11)

%FicolI

B. Half-wavelengths of flage(lar beats (�m)b

Oh 3h 4h

0

5

10

20

30

81(69- 93) 72 (56- 96) 68 (56- 89)

72 (63- 97) 79 (56- 86) 68 (52- 85)

74 (70- 77) 74 (56- 84) 70 (56- 83)

61(50- 72) 61 (55- 64) 61 (51- 67)

51(47- 57) 47 (42- 56) 53 (45- 58)

%Ficoll

C. Progressiveness (xlOO)c

Oh 3h 4h

0

5

10

20

30

80 (76- 94) >49 (40- 60) >34 (30- 44)

91(84- 93) >62 (52- 87) 63 (57- 74)

95 (93- 95) >86 (76- 89) 80 (75- 88)

96 (86- 97) 90 (84- 93) 91 (86- 94)

75 (38- 84) 85 (68- 95) 83 (68- 86)

%Ficoll

D. Percentage of free-swimming spermd

Oh 3h 4h

0

5

10

20

30

70 (65- 80) 80 (51- 86) 80 (60- 94)

60 (39- 71) <79 (59- 91) 81 (53- 91)

66 (62- 89) 83 (53- 86) 82 (57- 88)

54 (41- 70) <81 (46- 88) 76 (30- 85)

14 (0- 31) <34 (31- 56) 43 (34- 69)

%Ficoll

E. Average path velocities (�m/sec)

Oh 3h 4h

0

5

10

20

30

161 (85-185) <278 (152-281) <287 (211-358)

117 (55-155) <201 (107-244) 185 (147-214)

72 (43- 82) <80 (59- 90) <110 (77-144)

31(17- 46) <33 (31- 43) <47 (33- 50)

9 (4- 21) <15 (9- 23) <27 (15- 30)

Median values from 5 replicates (50 sperm) are given; ranges are in pa-

rentheses. Significant differences (p < 0.05) between entries in the col-

umns are indicated by “<“ symbols. For more detailed description of

measurements, see Katz et al. (51.
#{176}Flagellarbeat amplitudes, taken from the principle flagellar bend when it

reached the point of maximal development.

bHalf wavelengths of the principle flagellar bend at the point of maximal

development.

cprogressiveness (STR), measured as straight line velocity (net distance di-

vided by time) divided by average path velocity (distance of path tracing

averaged to remove lateral movements of the sperm head, divided by

time in sec).

dPercentage of free-swimming sperm, i.e., sperm undergoing space-gain-

ing movement. For this measurement, all sperm present in the initial video

frame of each microscope field were categorized.

#{176}Averagepath velocities of sperm (VAP)

at the first time point and 72% of the motile sperm were

hyperactivated at the second time point. As seen on Table

2, the flagellar velocity remained significantly higher among

hyperactivated sperm samples at both concentrations of Fi-

coll, attributable to the maintenance of higher bend am-

plitudes. In 35% Ficoll, the flagellar bend amplitude of 0 h

sperm could frequently be seen to diminish as the wave

moved down the flagellum (Fig. 3D). Also, only 7% of the
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1-IYPERACTIVATED SPERM MOTILI1Y 379

TABLE 2. Movement parameters of sperm suspended in 25%

and 35% Ficoll solutions.

Activated Hyperactivated

A. Beat frequency (Hz)

Control 11.1 (9.7- 13.7) 6.8 (5.3- 10.3)

25% Ficoll 5.2 (3.4- 4.2) 4.9 (3.9- 7.0)

35% Ficoll 4.5 (3.3- 7.0) 3.7 (2.5- 4.9)

B. Bend amplitude (gm)

Control 20.1 (12.1- 24.8) 39.7 (26.8- 49.0)

25% Ficoll 9.3 (4.3- 15.0) 14.9 (6.7- 9.1)

35% Ficoll 7.0 (2.4- 11.8) 11.3 (5.6- 20.0)

C. A x B

Control 213.2 (151.0-297.6) 279.4 (207.6-387.9)

25% Ficoll 55.1 (14.8- 90.5) 70.9 (37.3-121.0)

35% Ficoll 29.8 (10.8- 73.2) 42.4 (19.9- 74.0)
“Each Entry represents the median (range) of 20 sperm.

aln section C, the beat frequencies have been multiplied by the bend

amplitude to provide an estimate of maximum flagellar velocity;

in 0, 25%, and 35% Ficoll, the samples taken from hyperactivated

sperm populations achieved higher values than those from acti-

vated populations (p < 0.05).

motile sperm from the activated sample were progressive

(i.e.space-gaining), but 97% of the motile sperm from the

hyperactivated sample were progressive.

Hydrodynamic computations of flagellar thrust were

performed for the first experiment, taking into account the

shear-thinning viscosity (see APPENDIX). Beat-averaged val-

ues of viscosity were used for the flagellum, and values for

the sperm head were based upon shear rates for the av-

erage path velocity. Average values of flagellar thrust for

4 h, 3 h, and Oh, respectively, were: 155 p.dyne, 114 p.dyne,

and 77 p.dyne at 30% Ficoll; and 82 p.dyne, 72 p.dyne, and

67 p.dyne at 20% Ficoll. Thus, the transitional and hyper-

activated sperm actually developed greater thrust at in-

creased viscous loading.

DISCUSSION

These results probably underestimate the superiority of

hyperactivated sperm for penetrating viscous media, be-

cause sperm to be measured were selected randomly. Ac-

tivated sperm could not be excluded from the 3- and 4-h

measurements, nor could transitional sperm be excluded

from the 0- and 4-h measurements, because the swimming

patterns of these sperm in 20-30% Ficoll could not be dis-

tinguished from each other.

Rikmenspoel [22] observed that activated free-swimming

bovine sperm, exposed to increased viscosity (by addition

of methyl cellulose to medium) responded with flagellar

beats of decreased amplitude and frequency. Human sperm,

held by their heads on a suction pipette, behaved analo-

gously, and showed more two-dimensional flagellar motion

at increased viscosity [4]. However, in these two species, the

flagellar bending becomes confined to the distal portion at

elevated viscosity. In contrast, bending is maintained

throughout the principal piece of hamster sperm. The rea-

sons for this species distinction are not known. It is note-

worthy that the hamster sperm flagellum is about three times

the length of human and bull sperm [23], the outer dense

fibers surrounding its axoneme are larger [24-26], and it

possesses greater tensile strength [27]. Thus, mechanical

parameters that influence the flagellar bending mechanism

are different for the hamster and this distinction may have

contributed to the qualitatively different response to ele-

vated viscosity in this species.

Mammalian sperm evidently remain in the activated state

characteristic of ejaculated sperm until they traverse the

uterotubal junction [9, 28]. They become hyperactivated at

some point in the oviduct [3,8-10]. In some species, a vis-

cous mucus-like secretion has been observed in the lumen

of the caudal isthmus [13, 15]. In addition, sperm are usu-

ally confronted by a viscoelastic cumulus extracellular ma-

trix in the ampulla [11]. Activated hamster sperm reportedly

do not penetrate the cumulus efficiently in vitro [11,29].

The present results indicate that such activated sperm may

not generate sufficient flagellar forces for cumulus pene-

tration or to overcome possible adherence to granulosa cells

contained in the cumulus matrix.

The movement of sperm in viscous oviductal fluid has

not been observed in controlled experiments. There is cir-

cumstantial evidence, however, that flagellar beating may

be depressed by oviductal fluid. The flagellar beating of rabbit

sperm removed from the oviductal isthmus was dampened

unless the isthmic fluid was diluted with medium [30]. The

flagellar curvature of mouse sperm, measured in situ,was

determined to be minimal in the caudal isthmus during the

preovulatory period [10]. Elevated viscosity may have con-

tributed to such diminished motion.

We have not yet performed the nonlinear analysis of

sperm power output in shear-thinning fluids. Nevertheless,

the increasing values of (amplitude) x (frequency) for hy-

peractivated sperm at high viscous loading, when com-

pared with those of activated sperm, suggest that these cells

may be responding with increased energy expenditure as

well as force generation.

The movements of hamster sperm penetrating the ham-

ster cumulus in vitro were analyzed by Drobnis et al. [11].

Forward progression was associated with sinusoidal-like beats

similar to those we observed in Ficoll, although the hy-

peractivated sperm were also reported to produce more

asymmetric “hatchet beats” that did not propel them for-

ward through the cumulus matrix. The effective viscosity of

the hamster cumulus matrix was estimated to be on the

order of I poise [11], which is comparable to the values

for the 30% Ficoll medium in the present study. Thus our

analysis provides at least a first approximation of the bio-

mechanics of sperm/cumulus interaction. The flagellar beat

frequencies and amplitudes of hyperactivated sperm in 30%

Ficoll were comparable to those reported as occurring in

the cumulus [11], although in the cumulus the beat ampli-

tudes tended to dampen as the waves progressed distally.

Wavelengths were approximately 30% greater in 30% Ficoll
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than in the cumulus. The differences in swimming patterns

observed in Ficoll and cumulus matrix may have been due

to differences in the macromolecular structures of the two

materials. The principal macromolecule of the cumulus

matrix is hyaluronic acid, a linear molecule averaging 4000

kDa in mass, while the Ficoll used in this study is a globular

molecule averaging 400 kDa. The long, unbranched chains

of hyaluronic acid are likely to produce greater elasticity

than Ficoll, but might also result in lower local microvis-

cosity [16]. We conducted additional experiments substi-

tuting 1.5% methylcellulose (a long-chain polymer) and ob-

served similar effects as those for 30% Ficoll reported here

(data not shown); therefore, we would predict similar re-

sults in vivo for sperm behavior in viscous material com-

prised of long-chain molecules.

It is noteworthy that the presence of serum albumin in

the media created a rheological “shear-thirn#{252}ng�’ effect; here,

the effective viscosity is reduced as the applied shear rate

increases. In the context of a motile sperm, this means that

the resistance per unit velocity of the suspending fluid ac-

tually diminishes as the local velocity of the body becomes

higher. As seen in Figure 2, this phenomenon occurred at

all Ficoll concentrations, and will need to be taken into ac-

count in all studies involving the mechanics of sperm mo-

tion in albumin-containing media. Shear-thinning, like the

more general phenomenon of viscoelasticity, alters the ef-

ficiency at which a sperm swims, and is currently the sub-

ject of further study by us. Serum albumin is abundant in

the luminal fluid of the mammalian oviduct [2], and so should

be included in any artificial environment design to study

sperm movement.

In summary, hamster sperm in all three motility states

responded to increasing concentrations of Ficoll with de-

creased flagellar amplitude, wavelength, beat frequency, and

swimming velocity. Hyperactivated sperm, however, main-

tained progressive motility to a greater extent than activated

sperm. Hyperactivation actually caused the sperm flagellum

to generate greater forces in response to increased viscous

loading, while the activated sperm flagellum continued to

generate approximately equal forces at all viscosities. This

is the first demonstration of a direct mechanical advantage

conferred upon sperm by hyperactivation, which could fa-

cilitatepassage through the oviduct and ovum vestments to

the oolemma.
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(3)

(4)

Here, A, b, and f are flagellar wavelength, amplitude, and beat frequency, respec-

tively; L is flagellar length; CN and C1 are the normal and longitudinal resistive force

coefficients; v is average path velocity; (v) is viscosity; A is the effective radius of

the sperm head; and k is a geometric factor taking into account the asymmetry of

the head [37].

The expressions for C,� and CL are [38]:

(5)

(6)
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In hydrodynamic analysis of sperm motion, there is an instantaneous balance

between the active thrust and torque developed by the undulations of the flagellum,

and the passive drag and resistive moment of the overall sperm body (flagellum plus

head). A common application is the computation of sperm propulsive velocity from

data on the kinematics of the flagellar beat [31-33]. Comparison of such computed

velocities with their experimentally measured counterparts provides a test of the

accuracy of a particular method of hydrodynamic analysis. Sperm hydrodynamic anal-

ysis has focussed almost exclusively upon Newtonian fluids to date. In such fluids,

the resistance to motion is entirely viscous (e.g. there is no elastic component). The

local fluid stress is proportional to the local fluid rate of strain, and the proportion.

ality factor, i.e. the viscosity, is constant. Extensive mathematical analysis of flagellar

hydrodynamics in Newtonian fluids has shown that the technique known as ‘resistive

force theory” is a relatively accurate and mathematically tractable method, and this

approach has been widely used in biological and biophysical studies [e.g. 11,32,34-

36[.

In shear-thinning fluids, such as the Ficoll-albumin solutions used in the present

study, the viscosity is not constant, but depends upon the rate of strain, or shear rate

(cf. Fig. 1). Consequently, classical resistive force theory does not strictly apply. How-

ever, it is possible to adapt and test this method for generating an approximate tla-

gellar hydrodynamic analysis for shear-thinning fluids. The approach focusses not

upon the instantaneous force and moment balances upon the sperm body, but on

their beat cycle-averaged values. The fundamental assumption is that although the

shear-rate-dependent viscosity varies locally along the sperm body throughout a fla-

gellar beat cycle, it can be replaced by its cycle-average values in expressions for

cycle-averaged force and moment balances. In so doing, separate values apply to the

active, undulatory motions of the flagellum and the passive, rigid-body movements

of the entire sperm (flagellum plus head). This amounts, mathematically, to a li-

nearization of the time-dependent force and moment balances. The experimental

data of the present study permit testing of the accuracy of this approach, since both

flagellar beat kinematics and sperm propulsive velocity were measured. Our bio-

logical objective is to compute the flagellar thrust T. This is equal and opposite (in

direction) to the overall drag on the sperm body, which is the sum, D, + Db, of the

drags on the flagellum and head, respectively. That is,

T = DJ + D,,

For periodic, and relatively symmetric flagellar beats, the following expressions can

be used to compute T, D, and l)�:

where r is the flagellar radius.

In our application of these expressions to a shear-thinning fluid, we utilize dif-

ferent values of v for the flagellum (equations 5 and 6) and for the head (equation

4). In each case, we determine an effective average shear rate, and use Figure 2 to

find the corresponding, cycle-average viscosity for the particular concentration of

Ficoll. For the sperm head, the effective shear rate is V/A. For the undulatory com-

ponent of flagellar motion, i.e. the active beat, the effective shear rate for thrust is

a beat cycle-average velocity divided by an effective length scale. Since the flagellar

beat is approximately sinusoidal (especially for high concentrations of Ficoll), a sim-

ple calculation shows that the cycle-average velocity is approximately 4bf. An effec-

tive hydrodynamic length scale for periodic movements of a flagellum was shown

by Lighthill [32] to be approximately 0.1 A. It follows that the effective shear rate for

the flagellum is 40 b(/A. For the hamster sperm we take L = 182 �m, A = 4.5 �sm,

and k = 0.89 [37].

We have applied these expressions to the data in Table 1 and Figure 2. The

following table illustrates the results for the 30% Ficoll media. Values are based upon

average over the five replicate experiments. We see that the difference between av-

erages for T and for D, + Dh is 12% for activated sperm, 16% for transitional sperm,

and 10% for hyperactivated sperm. Comparable agreement was obtained for lower

concentrations of Ficoll. This degree of agreement lends credence to our method

for computing flagellar thrust for shear-thinning Ficoll/albumin media

Sperm State Activated Transitional Hyperactivated

T 77 114 155

D, 62 89 160

D,� 6 8 12

‘Values of sperm forces components (106 dynes) in media containing

(1) 30% Ficoll.

An alternative approach would be to weight separately the values of viscosity for

the normal and tangential force coefficients by measures of the effective normal and

tangential velocities. Calculations based on the mean square velocities (mean values

(2) are 0) yield slightly increased values of thrust, which do not alter the conclusions
drawn here.

HYPERACTIVATED SPERM MOTILI1’Y 381

APPENDIX

I 2’n’b2/X2
T=KJL(CN-C,)l

L I + 2’ir2b2/k2 j

VL
D1 = 2b2/X2 � + CN(21r2b’/)�2)]

1 + 2ir

=

-4iw
C,, =

In I - I - 0.616
\X /

-2irv
CL=

I 2irr\
Ini - I - 0.116
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