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Calcium Regulation of Flagellar Curvature and Swimming 
Pattern in Triton X-1 00-Extracted Rat Sperm 

Charles B. Lindernann and Jason S. Goltz 

Department of Biological Sciences, Oakland University, Rochester, Michigan 

Free Ca2+ changes the curvature of epididymal rat sperm flagella in demembra- 
nated sperm models. The radius of curvature of the flagellar midpiece region was 
measured and found to be a continuous function of the free Ca2+ concentration. 
Below lo-' M free Ca2', the sperm flagella assumed a pronounced curvature in 
the same direction as the sperm head. The curvature reversed direction at 2.5 X 

to 
M blocked flagellar motility, 

but did not inhibit the Ca2+-mediated change in curvature. Nickel ion at 0.2 mM 
and cadmium ion at 1 pM interfered with the transition and induced the low Ca2+ 
configuration of the flagellum. The forces that maintain the Ca2+ -dependent 
curvature are locally produced, as dissection of the flagella into segments did not 
significantly alter the curvature of the excised portions. Irrespective of the induced 
pattern of curvature, the sperm exhibited coordinated, repetitive flagellar beating 
in the presence of ATP and CAMP. At 0.3  mM ATP the flagellar waves 
propagated along the principal piece while the level of free Ca2+ controlled the 
overall curvature. When Ca2 + -treated sperm models with hooked midpieces were 
subjected to higher concentrations of ATP (1-5 mM), some cells exhibited a 
pattern of movement similar to hyperactivated motility in capacitated live sperm. 
This type of motility involved repetitive reversals of the Ca2+ -induced bend in the 
midpiece, as well as waves propagated along the principal piece. The free Ca2+ 
available to the flagellum therefore appeared to modify both the pattern of motility 
and the flagellar curvature. 

M Ca2+ to assume a tight, hook-like bend at concentrations of 
M free Ca2+. Sodium vanadate at 2 x 
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INTRODUCTION 

Calcium plays an important role in ciliary and 
flagellar motility of invertebrate organisms. The involve- 
ment of Ca2+ in motility was first observed in studies of 
the chemotactic response of tubularia sperm [Miller and 
Brokaw, 19701 and in the ciliary reversal response of 
Paramecium [Naitoh and Kaneko, 19731. Since then, the 
role of calcium in controlling the curvature and the 
orientation of the ciliary and flagellar apparatus of many 
organisms has been confirmed [Naitoh and Kaneko, 
1973; Brokaw et al., 1974; Brokaw and Gibbons, 1975; 
Brokaw, 1979; Gibbons and Gibbons, 1980; Okuno and 
Brokaw, 1981a,b; Brokaw and Nagayama, 1985; Satir, 
1985; Eshel and Brokaw, 1987; Lindemann et al., 19871. 

Until recently, the corresponding calcium-me- 
diated responses of mammalian sperm flagella had not 

been directly demonstrated, although certain facts had 
indicated a role for Ca2+ in flagellar control. Mohri and 
Yano [1980] reported that both Ca2+ and vanadate 
arrested motility in Triton-extracted golden hamster 
sperm, but that the resulting flagellar shape was different 
depending on which agent was used. It has also been 
shown that capacitation of mammalian sperm depends on 
external calcium. Furthermore, capacitated sperm have a 
recognizable tumbling movement, referred to as hyper- 
activated motility [Yanagimachi and Usui, 1974; Cooper 
et al., 1979; Katz and Overstreet, 1980; Katz and 
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crose, 0.02 M Tris-HC1, 1 mM dithiothreitol, 2 mM 
MgC12, and 0.1% Triton X-100 (pH 7.9). After initial 
observation for the absence of motility, ATP was rou- 
tinely added at concentration of 0.3 mM and, in some 
experiments, incremently increased to a final concentra- 
tion between 1 and 5 mM. In some experiments cAMP 
was added to a concentration of 3 pM in the reactivation 
mixture to initiate motility [Lindemann et al., 19871. 
Motility was evaluated by determining the percentage of 
motile cells and their average frequency from 16-mm 
motion picture film and from VHS video tape recordings 
of the experiments. EGTA or nitrilotriacetic acid (NTA) 
was included in the sperm reactivation mixture at a 0.2 or 
0.5 mM concentration to remove residual free Ca2+.  The 
Ca2+ concentration was subsequently elevated by addi- 
tions of CaC12 solution, and the response of the sperm 
models was observed. The free Ca2+ level with 0.5 mM 
EGTA or 0.5 mM NTA plus 1 mM Ca2+ was 1.7 x 
lop4 M and 2.1 X lop4 M, respectively. Without added 
Ca2+,  the free Ca2+ was below lop6 M with both 
chelators. The effect of Ca2+ was also evaluated by this 
protocol in the presence of 1, 2, and 10 pM NaV03. To 
test the action of Ni2+ and Cd2+ on the calcium- 
mediated response, 0.2 mM NiS04 or 10 pM CdC12 was 
added to sperm in 0.1-0.5 mM Ca2+. During this assay 
no EGTA or NTA was present because Ni2+ and Cd2+ 
are strongly chelated by these agents. 

To test the effect of calcium on individual sperm, a 
calcium-free suspension of sperm models was placed in 
a slide chamber, which was constructed of a coverslip 
resting on two strips of silicone grease. After settling, the 
unattached sperm were flushed from the chamber with 
fresh buffer solution without calcium, but with 0.5 mM 
EGTA. Finally, a reactivation mixture containing 0.5 
mM Ca2' (no EGTA) was flushed through to observe 
the effect of calcium as the profusion boundary traversed 
the chamber. 

Yanagimachi, 1980; Yanagimachi, 1981 ; Olds-Clarke, 
1983; Cooper, 19841. At the subcellular level, Ca2+- 
binding proteins have been isolated from the axonemes 
of mammalian sperm [Tash and Means, 1983; Wasco and 
Orr, 19841, although their participation in motility has 
not been determined. 

Recently, we reported that the pattern of flagellar 
curvature exhibited by demembranated rat sperm is 
variable and appears to depend on the level of Ca2+ 
[Lindemann et al., 19871. In this study we examined the 
effect of free Ca2+ on the flagellar apparatus of Triton 
X- 100+xtracted rat sperm models. With these models 
we documented and quantitated the effects of Ca2+ on 
demembranated rat sperm. The mechanism by which 
free calcium affects flagellar shape was investigated 
using Na-vanadate to assess selectively the participation 
of the dynein cross-bridges [Gibbons et al., 1978; Sale 
and Gibbons, 19791 and Ni2+ to block motility without 
interfering with the dynein cross-bridge cycle [Linde- 
mann et al., 19801. Cadmium ion, which often competes 
effectively with Ca2+, was also explored as an antago- 
nist of the curvature-generating mechanism. To ascertain 
whether the Ca2+-dependent curvature is generated by 
locally produced forces in the flagellum or is a result of 
an interaction requiring an intact axoneme, sperm fla- 
gella were dissected into sections with a microneedle. 
Finally, we explored the modified forms of motility that 
result from variation of the free calcium and ATP 
concentrations in the reactivated sperm. Our results on 
sperm models are discussed in relation to the motility of 
live spermatozoa and the underlying mechanism of 
flagellar motility. 

MATERIALS AND METHODS 

Rat sperm were removed from the cauda epi- 
didymis of mature male rats sacrificed by C02 asphyxia. 
Each epididymis was opened with a razor, and sperm 
were gently expressed either into 4 ml citrate buffer 
containing 0.097 M sodium citrate, 5 mM procaine-HC1, 
and 2 mM fructose at pH 7.4 or, for the determination of 
the free Ca2+ concentration, into 4 ml of a 0.16 M NaCl 
and 5 mM Naz HP04 buffer at pH 7.4. Sperm were used 
for Triton extraction within 1 hour of isolation. 

Preparation of Triton X-1 OCbExtracted Sperm 
Models 

The procedure used to demembranate and reacti- 
vate sperm was modified from Lindemann [ 19781. 
Briefly, rat sperm were demembranated by transfemng 
50 p1 of sperm suspension into 3 ml of reactivation 
mixture in a cell culture dish. The reactivation mixture 
contained 0.024 M potassium glutamate, 0.132 M su- 

Determination of Free Ca2+ Concentration 

Sperm in a phosphate-buffered sodium chloride 
solution were demembranated upon transferring 50 p1 
into 3 ml of a modified reactivation mixture containing 
0.024 M potassium ascorbate, 0.132 M sucrose, 0.02 M 
Tris-HC1, 2 mM nitrilotriacetic acid (NTA), 5 mM 
MgCl2, and 0.1% Triton X-100 (pH 7.8). After observ- 
ing a cessation of motility, 0.1 mM ATP and 3 pM 
cAMP were added. One common stock of reactivation 
mixture was prepared and divided into six dishes of 3 ml 
each, to which the sperm were added. To five of the six 
dishes, known amounts of CaC12 (2 pM, 20 pM, 0.18 
mM, 1 .O mM, and 1.8 mM) were added, and to the 
remaining dish no Ca2+ was added. The videotape 
records of sperm in each dish were filmed between 10 
and 20 min after addition and were later analyzed to 
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determine the radius of curvature in the midpiece region 
of the sperm. The radius of curvature at each Ca2+ 
concentration was determined by matching the curve of 
each flagellar midpiece to a superimposed circle of a 
known diameter. 

Free Ca2 + concentrations were determined by the 
method of Pershadsingh and McDonald [ 19801. Their 
method depends on the use of different chelators and 
making corrections for the working pH and for the 
interaction of the chelator with Ca2+ and with Mg2+. 
The result is a series of simultaneous equations that can 
be solved numerically to yield the free Ca2+ concentra- 
tion. We used a computer to solve numerically the 
equations for the values of Ca2+, Mg2+, and pH and 
modified our working medium (as given above) to 
eliminate unnecessary interactions with Ca2'. In the 
modified reactivation mixture, potassium ascorbate was 
used in place of potassium glutamate because of its low 
affinity for calcium. Potassium ascorbate's pK, of 0.19 
for Ca2+ and high affinity for H+ make its interaction 
with Ca2+ negligible at pH 7.8. Tris-HC1, as reported by 
Good et al. [1966], is an ideal buffer for minimum 
interaction with calcium. ATP at 0.1 mM has a small 
effect on free calcium and yet still supports sperm 
motility. The association constant of NTA with Ca2+ 
(pK1 = 6.5) enables one to construct defined free Ca2+ 
concentrations in the range of to M. The use 
of 2 mM NTA and 5 mM MgC12 allowed for the 
calculation of free Ca2+ by the method stated, while the 
excess of free Mg2+ left most of the ATP in the Mg-ATP 
form. The range of Mg-ATP concentration was from 
0.97 x M at the lowest Ca2+ addition to 0.87 x 
lop4 M at the highest added Ca2+ concentration. In the 
presence of 2 mM NTA, we found that DTT (which 
interacts slightly with Ca2+) could be omitted from the 
reactivation mixture without loss of cell response or 
motility. Ultrapure grades of CaC12 and MgC12 (Aldrich 
Chemical Co., Milwaukee, WI) were employed to re- 
duce residual contamination of heavy metals. The ultra- 
pure ATP used was obtained from Boehringer Mannheim 
Biochemicals (Indianapolis, IN). The free Ca2+ and 
Mg-ATP concentrations under our experimental condi- 
tions have been verified using the Calcon computer 
program developed by Goldstein [ 19791 and modified by 
Dr. Joseph S. Tash (Baylor College of Medicine, Hous- 
ton, TX). 

Microdissection Studies of Ca2+-Induced Curves 
Sperm models in 0.5 mM EGTA with 1 mM Ca2+ 

were placed in a well chamber and observed with a Zeiss 
x40 phase water immersion objective. A glass micro- 
needle was mounted on a Brinkman CP-VI micromani- 
pulator (Brinkman Instruments, Westbury, NY), and the 
glass microneedle was used to cut flagella at various 

points by pinching the flagellum between the slide and 
the shank of the microneedle. The microneedle was then 
used to detach the flagellar segments from the slide to 
preclude mechanical interference from the glass. Video- 
tape records were made of the sperm, and the images 
were digitized for analysis using a Digisector (Micro- 
Works, Inc., Del Mar, CA) and a personal computer. 

RESULTS 
Sperm Response to Ca2+ 

The level of free calcium determines the shape of 
the rat sperm flagellum in modeled sperm. Rat sperm 
isolated from the cauda epididymis in citrate buffer are 
immotile after Triton X- 100 extraction, unless treated 
with CAMP [Lindemann et al., 19871. Figure 1 shows a 
preparation of these quiescent models in a slide chamber 
before adding CAMP. Figure l a  shows sperm in Tris- 
glutamate buffer containing 0.5 mM EGTA. Figure lb-f 
shows the response of the sperm to the perfusion of new 
buffer containing 0.5 mM Ca2+ (no EGTA) through the 
slide chamber. 

Several flagella can be followed through a wide 
range of induced curvatures in Figure 1. When EGTA is 
present the flagella uniformly exhibit a more or less 
circular curvature manifested in the same direction as the 
curve of the sperm heads. As the Ca2+ concentration 
increases, the sperm flagella straighten and finally re- 
verse direction, assuming a strong curvature in the 
opposite direction. Figure 2 shows the resultant diffusion 
boundary in such a preparation and a striking transition 
across the boundary. When the sperm affected by Ca2+, 
as shown in Figures 1 and 2, are allowed to stand for 30 
min, or when Ca2+ is added to sperm in a cell culture 
dish, they develop a modified version of the tight Ca2+ 
curve in which the reversed curvature is mainly confined 
to the midpiece region (Fig. 3). This configuration, 
which resembles a fishhook, prompted us to refer to 
sperm exhibiting this pattern as fishhooks. 

Other Ca2+ chelators were employed to rule out 
the possibility that EGTA participates in the observed 
response. EGTA, NTA, sodium citrate, and ATP were 
tested. All gave the expected low Ca2+ curvature pattern 
when used at sufficient concentration. The weaker che- 
lators sodium citrate and ATP did not work as well, but 
did elicit a curvature response. 

Determination of the Ca2+ Activity Profile 
We explored the relationship between free Ca2 + 

concentration and the transition in flagellar curvature 
using a modified reactivation medium and sperm isola- 
tion protocol that permitted the calculation of free Ca2 + 

(see Materials and Methods). Figure 4 shows the result 
of one determination. The curvature of the midpiece 
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Fig. 1. Response of rat sperm models to an increase in free Ca2+. a: 
Micrograph of rat sperm models in a medium containing 0.3 mM ATP 
and 0.5 mM EGTA. b-fi Micrographs taken during the infusion of the 
medium containing 0.5 mM Ca2+ in place of EGTA. Before reper- 
fusion, free Ca2+ is 3 X lo-' M; after reperfusion with Ca2+- 
containing buffer, the free Ca2+ concentration was determined to be 

4.5 X M. The sequence shows that several cells are undergoing 
a curvature reversal. The transition can be relatively slow, taking up to 
3 min. Apart from the difference in Ca2+ and EGTA, the same 
medium with 0.3 mM ATP and 2 mM Mg2+ was present throughout 
the chamber. Sperm are relatively immotile, as CAMP has not been 
added to the preparation. 

region of the flagellum was measured with positive 
curvature arbitrarily assigned to the same direction as the 
curve of the sperm head. The positive to negative 
transition point of the plot is approximately 3 X M. 
The mean value of the cross-over point from four 
separate determinations was 2.5 (20.7) X lop6 M. 
Curvatures were uniformly positive below 2 X lo-' M 
Ca2+ and were uniformly negative above 2 X M 
Ca2+. 

Selective Effects of Inhibitors 
The presence of 2 pM sodium vanadate did not 

inhibit the Ca2+-mediated curvature transition in rat 
sperm (Fig. 5a,b). A higher concentration of vanadate 
(10 pM) was found to decrease the amplitude of the 
response and prevent formation of fishhooks, but did not 
eliminate the Car+ response. Sodium vanadate, a potent 
inhibitor of the dynein-tubulin cross-bridge cycle [Gib- 
bons et al., 1978; Sale and Gibbons, 19791, abolishes 
motility in preparations of reactivated rat sperm models 

at 1 pM. Therefore, the Ca2+ effect does not depend on 
dynein-tubulin cross-bridge cycling. 

Nickel ion abolishes motility in sperm models but 
does not inhibit microtubular sliding or cross-bridge 
cycling [Lindemann et al., 19801. Addition of 0.2 mM 
Ni2+ to Ca2+-curved preparations of sperm reversed the 
effect of Ca2+ and induced the pattern of curvature 
usually seen at low Ca2+ concentrations (Fig. 5c,d). 
Because Ni2+ is strongly chelated by both EGTA and 
NTA, the cells used in the Ni2+ tests were Triton 
extracted into reactivation medium without EGTA or 
NTA. Because of this, the concentration of heavy metal 
contaminants was probably higher in these experiments. 
This may explain why the calcium response was not as 
strong as when calcium was added after NTA or EGTA 
treatment (as can be seen in Fig. 5c). 

Cadmium ion was also found to reverse the effects 
of calcium ion and induce the EGTA pattern of curvature 
(Fig. 6). Cadmium was effective at 10 pM added Cd2+, 
which under our test conditions contributed 1 p M  free 
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Fig. 2. The response of rat sperm models to the Ca2+ perfusion 
boundary. Sperm on the right side of the boundary are in 0.5 mM 
EGTA (no added Ca"), while on the left side medium with no EGTA 

Cd2+ (as determined using the Calcon program). While 
the overall effect was similar to that mediated by Ni2+, 
the concentration of Cd2+ was much lower, did not 
cause precipitate, and did not completely inhibit motil- 
ity. Neither Ni2+ nor Cd2+ reversed the Ca2+ curvature 
if the cytosol was first removed when tested, using the 
perfusion chamber method given in Materials and Meth- 
ods. Therefore, Ca2+ can produce its effect without 
cytosol, but subsequent reversal with either Ni2+ or 
Cd2+ does not work without cytosol. 

Quantitative analysis of our results with these 
inhibitors support a selective effect of Ni2+ and Cd2+ 
ion as compared with vanadate ion. The resulting curva- 
ture of the vanadate inhibited flagella in the presence of 
1.7 x lop4 M free Ca2+ is -2.22 X radiandpm, 
which falls at the expected position on the Ca2+ activity 
profile of Figure 4. On the other hand, the Ni2+- and 
Cd2+-treated cells shown in Figures 5 and 6 have 
curvatures of 4.99 X l K 3  and 2.08 x lop3 
radiandpm, respectively, which place them far from the 
expected position in the free Ca2 + -curvature relationship 
for cells in 1.6 X lop4 M (for Ni2+) and 2.7 X lop5 M 
(for Cd2+) free Ca2+. Both samples show curvatures 

and 0.5 mM Ca2+ was substituted by perfusion (same conditions as 
Fig. 1). 

Fig. 3. The flagellar shape of rat sperm models in 1mM Ca2+. 
Sperm were prepared in the presence of 0.5 mM EGTA (no added 
Ca2+) before they were treated with 1 mM Ca2+ and photographed. 
Here the calcium chloride solution was added to 3 ml of sperm 
suspension in a culture dish. The free Ca2+ concentration was 
determined to be 3 X lo-' M before addition and 1.7 X M after 
addition. The typical flagellar configuration produced resembles a 
fishhook. The calcium-treated cells shown in Figures 1 and 2 also 
assumed this shape gradually over a period of 30 min. The experiment 
shown was performed at 23°C in the presence of 0.3 mM ATP but 
without added CAMP. 
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responding cells is 80 to 90% (Table I) even though the 
quality of the motility of individual sperm is variable. A 
subpopulation of 15 to 25% exhibits progressive motility 
resulting from repetitive beating at a regular frequency 
(Table I). When EGTA or NTA is present (0.2 or 0.5 
mM), the motile sperm models swim in circles, with the 
flagellum permanently curved toward the tip of the head. 
Waves of bending propagate along the flagellum but do 
not reverse the overall curvature (Fig. 8a). In the 
presence of 0.3 mM ATP, 0.5 mM EGTA, and 1 mM 
Ca2+ the curvature reverses, especially in the midpiece 
region, and “fishhooks” often form. The motility of 
models under these conditions is more lethargic, with a 
lower mean frequency (Table I). Under these conditions, 
the hooks in the midpiece seldom participate in the 
motion, and the flagellar waves of bending are superim- 
posed on the Ca2+-induced flagellar shape (Fig. 8b). If 
Ca2+-induced fishhooks are generated (1 mM Ca2+,  0.3 
mM ATP, and 0.5 mM EGTA) and ATP is raised in 1 
mM increments, as the additions proceed, some of the 
models will begin a new pattern of motility characterized 
by an oscillation between the Ca2+-induced hooked 
position and the low Ca2+ configuration. In some of the 
“switched on” sperm, only the hook participates (Fig. 
8c) while the distal flagellum is inactive, but in others the 
entire flagellum is involved in the beating (Fig. 8d). 
These sperm appear dramatically more vigorous despite 
the fact that the measured frequency is considerably 
lower (Table I). We attributed this apparent vigor to a 
much larger wave amplitude. The sperm models in this 
condition often tumble instead of making forward 
progress. Their pattern of motility varies considerably 
depending on the curvature of the flagellum and also on 
the participation of the Ca2+-induced hooks in the motile 
response. 

CALCIUM ACTlVlN CURVE 

-0.04 i 
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FREE CALCIUM CONCENTRATION (molar) 

Fig. 4. Curvature of the flagellar midpiece region as a function of 
free Ca2+ concentration. Each point represents the mean curvature of 
10 ce;!s analyzed from videotape records. Error bars show the standard 
error of the mean. The Ca2+ concentration of the point plotted on the 

M axis is only approximate, as the naturally occumng trace 
amounts of Ca2’ in the medium introduce considerable uncertainty at 
or below M. The medium used for this determination was 
modified (as given in Materials and Methods) to allow free Ca” level 
to be calculated. ATP (0.1 mM) and cAMP (3 pM) were present in the 
mixture, and only flagella of cells that exhibited motility were 
measured. The slow, low-amplitude motility produced by 0.1 mM 
ATP did not interfere with measurements of the midpiece curvature, 
especially as the midpiece participates very little in the movement 
under these conditions. 

more characteristic of concentrations below 3 X low6 M 
free Ca2+. 

Dissection Studies 

The hook-shaped curves induced by calcium were 
subjected to dissection with a microneedle (Fig. 7). 
Individual cut sections maintained their original shape 
and were mechanically resistant to distortion. The micro- 
needle was used to free and distort the cut sections. The 
sections from the midpiece invariably returned to the 
original curvature. Removal of the sperm head and 
removal of the principal piece had no discernible effect 
on the midpiece curvature. Sections from the principal 
piece also retained their original curvature, but were 
more flexible and did not always fully restore themselves 
to their original configuration after manipulation. Our 
findings are surprisingly similar to those reported for the 
Ca2+-induced bends in sea urchin sperm [Gibbons, 
1980; Okuno and Brokaw, 1981al. This is so in spite of 
the considerable morphological disparity between sperm 
of these species. 

Motility and Ca2+ Curvature 

Triton X- 100%xtracted epididymal rat sperm in 
0.3 mM ATP and 2 mM Mg2+ will initiate motility 
when treated with 3 pM CAMP. The percentage of 

DISCUSSION 

Rat sperm flagella respond to the level of free 
Ca2+ by a transition in flagellar curvature. The transition 
point where the flagella are straight occurs at 2.5 X 

M free Ca2’. The calcium response appears not to 
be mediated by the dynein-tubulin interaction, since it 
occurs in the presence of vanadate. Sperm models also 
do not require activation with exogenous cAMP to 
exhibit the Ca2+ -mediated curvature transition, even 
though they require cAMP for expression of motility. On 
the other hand, the ‘Ca2+ -mediated response is blocked 
by Ni2+, an agent previously shown to inhibit sponta- 
neous motility without substantially blocking microtu- 
bule sliding [Lindemann et al., 19801. These findings 
indicate that another interaction besides the dynein- 
tubulin interaction is involved in both the curvature- 
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VANADATE 

AFTER N P  

Fig. 5 .  The effects of sodium vanadate and Ni2+ on the Ca2+- 
induced curvature response of rat sperm models. a: Sperm that were 
first activated with 0.3 mM ATP and 3 pM CAMP in 0.5 mM EGTA 
and subsequently stopped with 2 pM sodium vanadate. b: The same 
preparation 10 min after adding 1mM Ca2+. The Ca7+ effect is as 
strong and uniform as without vanadate (see Fig. 3 for comparison). 
c: The effect of 0.5 mM Ca2+ on sperm extracted with Triton X - l o 0  

into medium without EGTA or NTA. Although present, the Ca2+ 
response is not strong under this condition. d: The same preparation 
after addition of 0.2 mM NiCI. While the free Ca2+ concentration was 
1.6 X M, note that the cells exhibit a shape resembling the low 
Ca2+ (BGTA) condition of Figurcs la and 2 (right side). The Ni2+ 
interacts with DTT to form a precipitate that is seen clinging to the 
cells in d. 
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meier et al., 19801. Our data compare well with the 
calmodulin-mediated ciliary reversal documented in Par- 
amecium [Rauh et al., 19801, which is also blocked by 
Ni2+ inhibition [Naitoh and Kaneko, 19731. 

The Ca2+ control of curvature and motility in 
invertebrate cilia and flagella is well established [Miller 
and Brokaw, 1970; Naitoh and Kaneko, 1973; Brokaw et 
al., 1974; Brokaw and Gibbons, 1975; Brokaw, 1979; 
Gibbons and Gibbons, 1980; Okuno and Brokaw, 
1981a,b; Brokaw and Nagayama, 1985; Satir, 1985; 
Eshel and Brokaw, 19871. The response we have de- 
scribed for rat sperm is not unlike the earlier findings for 
some invertebrate sperm [Brokaw et al., 1974; Brokaw, 
1979; Gibbons and Gibbons, 19801. The obvious simi- 
larity of the quiescent “candy canes” described by 
Gibbons and Gibbons [ 19801 with the “fishhooks” of 
our rat sperm models suggests that we are studying the 
same underlying mechanism. This similarity is also 
evident when earlier observations on fragments of sea 
urchin sperm [Gibbons, 1980; Okuno and Brokaw, 
1981al are compared with the results of our dissection 
study on rat sperm. In both cases, the strong calcium- 
induced bend in the proximal flagellum persisted even 
when the remainder of the flagellum was removed. This 
similarity is especially interesting when the morpholog- 
ical dissimilarity of the two sperm types is considered. 

The coarse fibers (also called outer densefibers or 
auxilliuryfibers) are very large in the rat sperm, so large 
that each fiber is about the size of the entire microtubular 
axoneme in the midpiece region of the flagellum. The 
coarse fibers are generally believed to be passive elastic 
elements, yet the calcium-induced bend is greatest in the 
midpiece region just where the coarse fibers are largest 
and the stiffness of the flagellum is greatest. Large 
passive elastic elements should minimize, not maximize, 
the expression of bending in the proximal portion of the 
flagellum. Furthermore, our dissection experiments 
show that the force that maintains the Ca2+-induced 
bend does not depend on the additive effect of forces 
produced along the entire axoneme, but is the result of 
local mechanism. This would suggest that either the 
curvature-generating system of the proximal axoneme is 
especially strong or the coarse fibers are not passive 
elements. 

The influence of Ca2+ on reactivated motility was 
also explored. At 0.3 mM ATP the Ca2+-induced shape 
seems to provide the template on which waves propa- 
gate. When sufficient ATP is available (1 to 5 mM), we 
see the Ca2+-induced hooks in the midpiece participate 
in and possibly generate motility. 

This last set of observations is germane to the 
current controversy on the role of Ca2+ in flagellar 
motility. One hypothesis contends that the curvature- 
regulating mechanism provides the baseline or equilib- 

2+ BEFORE Cd 

2+ AFTER Cd 

Fig. 6 .  Reversal of Ca2+ effect on curvature with Cd2+. a: Cells are 
demembranated in glutamate-Tris buffer containing 0.1 mh4 Ca2+ ; 
DTT and EGTA were not included as these interact strongly with some 
divalent cations. b: Addition of 10 p M  CdS04 to the same preparation 
reverses the curvature of most of the cells in the preparation. The 
effective free Cd2+ concentration was determined to be 1.2 )LM, and 
the effective free Ca2+ was 2.7 X M. White bar = 100 pm. 

determining mechanism and the motility-generating 
mechanism of mammalian sperm. 

Both the activation range of the curvature transition 
and the sensitivity to Cd2+ are suggestive of a 
calmodulin-mediated effect [Teo and Wang, 1973; Sud- 
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Fig. 7. Microdissection of rat sperm flagella following calcium ion 
treatment. Sperm were put into the Ca*+-curved configuration with 1 
mM Ca2+ in glutamate-Tris buffer that contained 0.5 mM EGTA. A 
glass microneedle was used to sever the flagellum and free the sections 
from the slide. a: Sperm with the principal piece removed compared 

with a nearby intact flagellum. b-d: Sperm is cut in the middle of the 
Ca2+-induced bend, then repositioned. Note that the curvature on both 
the proximal and distal segment of the midpiece retain their original 
configuration. White bar = 40 pm. 

TABLE I. Flagellar Beat Frequencies and Motility Percentages 

Frequenciesb Percentage motile' 

Reactivation conditionsa n Hertz 2 S.D. n Total Progressive 

0.5 mM EGTA 

0.5 mM EGTA, 
and 0.3 mM ATP 

1.0 mM Ca2+, 
and 0.3 mM ATP 

1.0 mM Ca2+, 
and 1-5 mM ATP 

0.2 mM Ni2+, 
and 0.3 mM ATP 

0.5 mM EGTA, 

0.5 mM Ca2+, 

13 2.58 & 0.06 6 

30 1.97 & 0.16 5 

15 1.66 -t 0.41 3 

82 

70 

70 

26 

15 

25 

"CAMP, 3 pM, was present in all preparations to initiate motility; all experiments were run at ambient temperature. 
bAverage frequency of flagellar beating is given; n value is the number of cells used in the average. 
'Cells showing a forward progression and a regular beating frequency were counted as progressively motile; cells with irregular flagellar 
movement were also included in the total percentage of motile cells. The value given as n is the number of separate experiments used to gather 
data. Percentages given are moving cells divided by the total cell count. 

rium position of the flagellum, and the dynein-tubulin 
interaction produces waves of bending that propagate on 
this baseline [Eshel and Brokaw, 19871. This so-called 
biased baseline model is consistent with the motility we 
observed when the flagellar curvature is reversed with 
Ca2+ at 0.3 mM ATP. In rat sperm the motility produced 
under these conditions is low amplitude. A second 
hypothesis supported by observations on cilia and fla- 
gella contends that the Ca2+ -induced curvature (roughly 
the equivalent of our fishhooks) is one end point of the 
beat cycle and acts as a transition or trigger point 
[Gibbons, 1980; Wais-Steider and Satir, 1979; Satir, 
1985; Stommel, 19861. This appears, at least superfi- 
cially, to be what we see when the fishhooks are 
triggered to oscillate at high ATP. 

Our data suggest that a flagellum is able to oscillate 
by two somewhat different mechanisms, one involving 
primarily the counteraction of dynein-generated forces in 
the two bending directions and the other where the 
Ca2 + -induced, tightly curved equilibrium position plays 
a major role in setting an end point of the beat cycle. This 
may well be accomplished by the Ca2+ -induced hook 
providing a strong elastic restoring force in one direction 
of the cycle. In turn, the presence of the sharp bend may 
trigger a coordinated dynein-tubulin sliding sufficient to 
uncoil the Ca2+ bend when the dynein bridges produce 
enough force. 

This hypothesis is further strengthened by our 
observations on dissected segments. The midpiece re- 
gion is resilient in the Ca2+-curved configuration, and 
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Fig. 8. The motility of rat sperm models as modified by Ca2+ and 
ATP concentration. a: A motile sperm model in 0.2 mM EGTA with 
0.3 mM ATP and no added Ca2+. The cell swims in tight circles, and 
the curvature of the flagellum never reverses throughout the beat 
cycle. b: A motile sperm model in 0.5 mM NTA and 0.5 mM Ca2+ 
with 0.3 mM ATP. The hook-like bend in the midpiece does not 
participate in the motility, which is largely limited to the distal 
flagellum under this condition. c: A sperm model in 0.5 mM EGTA, 
1 mM Ca2+,  and 5 mM ATP. The midpiece of this cell oscillates 
while the distal flagellum is quiescent. At one extreme of the beat 
cycle the Ca*+-induced hook is a predominant feature. d: The sperm 

.333 

SO0 

417 SEC. 

.625 SEC. 
model has a fully activated flagellum in 0.5 mM NTA, 1 mM Ca2+,  
and 2 mM ATP. Both the hooked midpiece and the distal flagellum 
participate in the beat cycle in this sperm. Ca2+ level appears to 
determine the base-line of curvature when 0.3 mM ATP is present (a, 
b). At higher ATP concentrations (c, d), Ca2+-induced hooks can 
participate in the motility. Darkfield micrographs filmed at 24 f.p.s. 
on 16-mm film. Sperm preparations were in glutamate-Tris buffer (pH 
7.8) at ambient temperature and with 3 pM CAMP. Every other frame 
is displayed in a,  b and c and every third frame in d; each sequence 
shows approximately one beat cycle. 

the forces producing the curvature are local in origin and 
independent of the intact axoneme. Quite reasonably, 
then, this local mechanism could act to store energy from 
microtubular sliding and release it as elastic recoil during 
half of the beat cycle. 

Mechanical bending of isolated cilia and flagella 
has been shown to trigger a coordinated motile response 

[Lindemann and Rikmenspoel, 1972; Lindemann et al., 
1980; Stommel, 19861 and bending Ni2+-inhibited fla- 
gella has been shown to restore motility and coordinated 
wave propagation [Lindemann et al., 19801; therefore, 
there is an experimental basis on which to suspect that a 
sharp bend could act as a coordination site to initiate a 
cycle of microtubule sliding. 
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Our results suggest that high concentrations of ATP 
are needed to trigger full activation of the Ca2+-induced 
bend into a motile state. Estimates of internal ATP 
concentration in mammalian sperm have been surpris- 
ingly high: in the range of 5-15 mM [Rikmenspoel et 
al., 1969; Nevo and Rikmenspoel, 1970; Lindemann et 
al., 19871; therefore, it is not an unreasonable contention 
that the high concentration of ATP needed for full 
motility of the sperm models is normally present in live 
sperm. 

When sperm are reactivated at a high enough ATP 
level and sufficient Ca2+ is present to induce the 
fishhook configuration, only then does the midpiece 
exhibit vigorous movement. This might be explained if 
the activation of the midpiece region requires greater 
force production to establish oscillations. At lower ATP 
levels (0.3 mM), motility can be obtained, but it is of 
relatively low amplitude and restricted to the less stiff 
principal piece where bending may be produced by 
smaller internal forces. In living sperm, bimodal patterns 
of flagellar beating are observed when two frequencies 
and types of bending cycle are expressed by the cell at 
different times. When this is the case, one of the two 
types of activity involves a propagation of bending 
waves over the distal flagellum, while the other pattern 
involves a bending and unbending of the midpiece region 
at a lower frequency and greater amplitude [Suarez et al., 
1983; Cooper, 1984; Suarez and Osman, 19871. By 
altering conditions we have been able to induce both of 
these modes in the rat sperm models, indicating that the 
two mechanisms are dissimilar in their requirements and 
suggesting that the two modes depend on different 
interactions to cause the flagellum to oscillate. 

In the living cell, the sliding tubule mechanism and 
the Ca2+-curvature mechanism would both be in good 
working order and ATP concentration would be main- 
tained at a high level by respiration. The only variable 
under these conditions influencing the contribution of the 
two oscillation modes will be the free Ca2+ level, since 
the mode that involves oscillations of the midpiece can 
only be activated when the fishhook shape is induced on 
the flagellum. This is confirmed by our results with 
procaine and TMB-8, which lower internal free Ca2+ 
[Lindemann et al., 19871. Under the action of these 
agents, cells with ample internal ATP assume a pattern 
of swimming in which only the more flexible principal 
piece propagates waves of bending and the midpiece 
becomes largely immotile. In the opposite extreme, the 
hyperactivated motility observed for sperm in the upper 
female reproductive tract involves intense oscillations of 
sharp fishhook-like bends in the midpiece [Katz and 
Overstreet, 1980; Katz and Yanagimachi, 1980; Yanagi- 
machi, 1981; Cooper, 1984; Suarez and Osman, 19871, 

induce this form of swimming [Yanagimachi and Usui, 
1974; Katz and Overstreet, 1980; Olds-Clarke, 19831. 

In conclusion, we can now state that free Ca2+ 
regulates the flagellar curvature in a mammalian sperm. 
The curvature induced by Ca2+ may serve as a baseline 
upon which waves of bending propagate or, when ATP 
concentration is sufficiently high, actively participate in 
a vigorous pattern of motility. The level of free Ca2+ can 
produce considerable variation in the pattern of motility. 
These variations duplicate the different patterns of swim- 
ming seen in live sperm and point to the underlying 
mechanism. 

ACKNOWLEDGMENTS 

The authors thank Ms. Kathleen Kanous for assis- 
tance in the preparation of the figures and the revised 
manuscript. We also thank Dr. R. Craig Taylor and Dr. 
Mark Severson, and who assisted us in the calculation of 
free Ca2+ levels. Our special thanks go to Dr. Paul 
Ketchum, who graciously assisted us in writing and 
editing the manuscript. We are also grateful to Dr. 
Joseph Tash and Dr. Anthony Means for providing us 
with the Calcon computer program in time to verify our 
Ca2+ concentration determinations. This work was sup- 
ported by NSF grant DCB-8510349. 

REFERENCES 

Brokaw, C.J. (1979): Calcium-induced asymmetrical beating of Triton 
demembranated sea-urchin sperm flagella. J .  Cell Biol. 

Brokaw, C.J., and Gibbons, I.R. (1975): Mechanisms of movement in 
flagella and cilia. In Wu, T.Y .T., Brokaw, C.J., and Brennan, 
C. (eds.): “Swimming and Flying in Nature.” New York: 
Plenum Publishing Co., Vol. 1, pp. 89-126. 

Brokaw, C.J., Josslin, R., and Bobrow, L. (1974): Calcium ion 
regulation of flagellar beat symmetry in reactivated sea urchin 
spermatozoa. Biochem. Biophys. Res. Commun. 58:795-800. 

Brokaw, C.J., and Nagayama, S.M. (1985): Modulation of the 
asymmetry of sea urchin sperm flagellar bending by calmodu- 
lin. J .  Cell Biol. 100:1875-1883. 

Cooper, G.W., Overstreet, J.W., and Katz, D.F. (1979): The motility 
of rabbit spermatozoa recovered from the female reproductive 
tract. Gamete Res. 2:35-42. 

Cooper, T.G. (1984): The onset and maintenance of hyperactivated 
motility of spermatozoa from the mouse. Gamete Res. 
9 3 - 7 4 ,  

Eshel, D., and Brokaw, C.J. (1987): New evidence for a “biased- 
baseline” mechanism for calcium-regulated asymmetry of 
flagellar bending. Cell Motil. Cytoskel. 7:160-168. 

Gibbons, B.H. (1980): Intermittent swimming in live sea urchin 
sperm. J .  Cell Biol. 84:l-12. 

Gibbons, B.H., and Gibbons, I.R. (1980): Calcium-induced quies- 
cence in reactivated sea urchin sperm. J.  Cell Biol. 84:13-27. 

Gibbons, I.R., Cosson, M.P., Evans, J.A., Gibbons, B.H., Houck, 
B., Martinson, K.H., Sale, W.S., and Tang, W.-J.Y. (1978): 

82:401-411. 

and, not surprisingly, Ca2’ is an essential requirement to Potent inhibition of dynein adenosinetriphosphatase and of the 



Ca2+ Regulation of Sperm Motility 431 

Rauh, J.,  Levin, A.E., and Nelson, D.L. (1980): Evidence that 
calmodulin mediates calcium-dependent ciliary reversal in 
paramecium. In Siegel, F.L., Carofoli, E., Kretsinger, R.H., 
MacLennan, D.H., and Wasserman, R.H. (eds.): “Calcium- 
Binding Proteins: Structure and Function.” New York: Else- 
vier North Holland, Inc. pp. 231-232. 

Rikmenspoel, R., Sinton, S. ,  and Janick, J.J. (1969): Energy conver- 
sion in bull sperm flagella. J. Gen. Physiol. 54:782-805. 

Sale, W.S., and Gibbons, I.R. (1979): Study of the mechanism of 
vanadate inhibition and of dynein cross-bridge cycle in sea 
urchin sperm flagella. J. Cell Biol. 82:291-298. 

Satir, P. (1985): Switching mechanisms in the control of ciliary 
motility. In Satir, B.H. (ed.): “Modern Cell Biology, Vol. 4.” 
New York: Alan R. Liss, Inc., pp. 1-46. 

Stommel, E. W. (1986): Mechanical stimulation activates beating in 
calcium-arrested lateral cilia of Myfilus edulis gill. J. Muscle 
Res. Cell Motil. 7:237-244. 

Suarez, S.S., Katz, D.F., and Overstreet, J.W. (1983): Movement 
characteristics and acrosomal status of rabbit spermatozoa 
recovered at the site and time of fertilization. Biol. Reprod. 

Suarez, S.S . ,  and Osman, R.A. (1987): Initiation of hyperactivated 
flagellar bending in mouse sperm within the female reproduc- 
tive tract. Biol. Reprod. 36:1191-1198. 

Sudmeier, J.L., Evelhoch, J.L., Bell, S.J., Storm, M.C., and Dunn, 
M.F. (1980): Cadmium-113 NMR studies of insulin and 
calmodulin. In Siegel, F.L., Carofoli, E., Kretsinger, R.H., 
MacLennan, D.H., and Wasserman, R.H. (eds.): “Calcium- 
Binding Proteins: Structure and Function.” New York: Else- 
vier North Holland, Inc., pp. 235-237. 

Tash, J.S., and Means, A.R. (1983): Cyclic adenosine 3’,5’ mono- 
phosphate, calcium and protein phosphorylation in flagellar 
motility. Biol. Reprod. 28:75-104. 

Teo, T.S., and Wang, J.H. (1973): Mechanism of activation of a 
cyclic adenosine 3’,5’-monophosphate phosphodiesterase 
from bovine heart by calcium ions. J. Biol. Chem. 248: 

Wais-Steider, J., and Satir, P. (1979): Effect of vanadate on gill cilia: 
Switching mechanism in ciliary beat. J. Supramol. Struct. 

Wasco, W.M., and Orr, G.A. (1984): Presence of a calmodulin- 
dependent cyclic nucleotide phosphodiesterase associated with 
demembranated rat caudal epididymal sperm. Biochem. Bio- 
phys. Res. Commun. 118:636-642. 

Yanagimachi, R. (1981): Mechanisms of fertilization in mammals. In 
Mastroianni, L., and Biggers, J.D. (eds.): “Fertilization and 
Embryonic Development In Vitro.” New York: Plenum Press, 

Yanagimachi, R., and Usui, N. (1974): Calcium dependence of the 
acrosome reaction and activation of guinea pig spermatozoa. 
Exp. Cell Res. 89:161-174. 

29: 1277-1287. 

5950-5955. 

11~339-347. 

pp. 109-112. 

motility of cilia and sperm flagella by vanadate. Proc. Natl. 
Acad. Sci. USA 75:2220-2224. 

Goldstein, D.A. (1979): Calculation of the concentration of free 
cations and cation-ligand complexes in solutions containing 
multiple divalent cations and ligands. Biophys. J. 26:235-242. 

Good, N.E., Winget, G.D., Winter, W., Connolly, T.N., Izawa, S. ,  
and Singh, R.M.M. (1966): Hydrogen ion buffers for biolog- 
ical research. Biochemistry 5:467-477. 

Katz, D.F., and Overstreet, J.W. (1980): Mammalian sperm move- 
ment in the secretions of the male and female genital tracts. In 
Steinberger, A., and Steinberger, E. (eds.): “Testicular Devel- 
opment, Structure and Function.” New York: Raven Press, pp. 

Katz, D.F., and Yanagimachi, R. (1980): Movement characteristics of 
hamster spermatozoa within the oviduct. Biol. Reprod. 22: 
759-764. 

Lindemann, C.B. (1978): A CAMP-induced increase in the motility of 
demembranated bull spermatozoa. Cell 13:9-18. 

Lindemann, C.B., Fentie, I., and Rikmenspoel, R. (1980): A selec- 
tive effect of Ni2’ on wave initiation in bull sperm flagella. J. 
Cell Biol. 87:420-426. 

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

Lindemann, C.B., Goltz, J.S., and Kanous, K.S. (1987): Regulation 
of activation state and flagellar waveform in epididymal rat 
sperm: Evidence for the involvement of both Ca2+ and CAMP. 
Cell Motil. Cytoskel. 8:324-332. 

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

Miller, R.L., and Brokaw, C.J. (1970): Chemotactic turning behavior 
of Tubuluria spermatozoa. J. Exp. Biol. 52:699-706. 

Mohri, M., and Yano, Y. (1980): Analysis of mechanism of flagellar 
movement with golden hamster spermatozoa. Biomed. Res. 

Naitoh, Y., and Kaneko, H. (1973): Control of ciliary activities by 
adenosine triphosphate and divalent cations in Triton-extracted 
models of Paramecium caudatum. J. Exp. Biol. 58:657-676. 

Nevo, A.C., and Rikmenspoel, R. (1970): Diffusion of ATP in sperm 
flagella. J. Theor. Biol. 26:ll-18. 

Okuno, M., and Brokaw, C.J. (1981a): Calcium-induced change in 
form of demembranated sea urchin sperm flagella immobilized 
by vanadate. Cell Motil. 1:349-362. 

Okuno, M., and Brokaw, C.J. (1981b): Effects of Triton-extraction 
conditions on beat symmetry of sea urchin sperm flagella. Cell 
Motil. 1 :363-370. 

Olds-Clarke, P. (1983): The non-progressive motility of sperm from 
mice with a tw32 haplotype. J. Androl. 4:136-143. 

Pershadsingh, H.A., and McDonald, J.M. (1980): A high affinity 
calcium-stimulated magnesium-dependent adenosine triphos- 
phatase in rat adipocyte plasma membranes. J .  Biol. Chem. 

48 1-489. 

175:337-338. 

1552-555. 

255 14087-4093. 


