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Rat sperm, demembranated with 0.1% Triton X-100, were used to explore the 
reversal in flagellar curvature induced by calcium ion. As reported earlier (Lin- 
demann and Goltz, Cell Motil. Cytoskeleton, 10:420-431, 1988), the radius of 
curvature of the flagellar midpiece of rat sperni is controlled by the free Caz+ 
concentration. A reversal of the direction of curvature (judged by the asymmetric 
sperm head) takes place at -- 2.5 X lop6 M free Ca2 + . 

In our current study, the time course of the curvature change, after elevating 
free Ca2+ to 3.5 X lop4 M, was utilized to assess the effects of the CAMP-kinase 
A pathway on the calcium response. In addition, calmodulin's involvement in this 
response was explored using anti-calmodulin and Cd2+.  The activity state of the 
sperm models (which could be directly influenced through CAMP) was found to 
control the rate of curvature change in response to increased free Ca2+.  In the 
most extreme case, fully quiescent sperm did not respond to Ca2+ at all, and 
CAMP-primed sperm models completed the response to Ca2+ in two minutes or 
less. 

Anti-calmodulin demonstrated strong inhibitory effects on the curvature rever- 
sal. Cadmium ion was also extremely potent at blocking the response to Ca" , 
completely eliminating the curvature reversal at 2 x lo-'' M free Cd2+.  

Based on these findings, it appears that the Ca2+ -activated curvature reversal 
of rat sperm is potentiated by CAMP-dependent kinase and may be mediated 
through calmodulin. 
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INTRODUCTION 

It is well established that the activity level of mam- 
malian sperm is regulated by cAMP [Lindemann, 1978; 
Mohri and Yanagimachi, 1980; Tash and Means, 19821. 
It has also been demonstrated that the free Ca2+ concen- 
tration of the sample changes the baseline of curvature 
and the motility pattern of rat sperm extracted with Tri- 
ton X-100 and reactivated with Mg-ATP (sperm models) 
[Lindemann et al., 1987; Lindemann and Goltz, 19881. 
The mechanism of the flagellar response to Ca2+ in rat 
sperm and its relationship to cAMP activation of motility 
is the subject of this study. 

From earlier work on the Ca2+ response of fla- 
gella, we know that at pea2+ > 5.5, sperm exhibit a 
circular curvature with the flagellum curved in the same 
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direction as the curve of the rat sperm head; pCa2+ < 
5.5 reverses the direction of curvature in the flagellar 
midpiece region giving rise to an overall fishhook-like 
shape. 

In sea urchin sperm, the Ca2+ response appears to 
be mediated through calmodulin [Brokaw and Nagay- 
ama, 1985; Brokaw 1987a,b]. Furthermore, we have 
noted that, in rat sperm, the Ca2+-induced curvature 
transition occurs at the inflection point of the calcium- 
calmodulin binding curve [Lindemann and Kanous, 
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used to test the effects of potential effector agents on the 
rate of the Ca2+-induced curvature reversal. Calcium 
was added ( I  mM total) to raise the pCa2+ from 8.0 to 
3.5 [determined using the Calcon program of Goldstein, 
1979; and modified by Dr. Joseph Tash, Baylor College, 
Houston, Texas]. This elevation in free calcium triggered 
the curvature reversal [Lindemann and Goltz, 19881. The 
before and after concentrations of Ca2+ used for these 
trials were chosen to be at the extreme ends of the re- 
sponse range demonstrated in our earlier study [Linde- 
mann and Goltz, 19881. 

Videotape recordings were made of the sperm 
preparations prior to the addition of calcium, 2-3 min 
after the Ca2+ addition, and at 5, 15, 30, and 45 min 
intervals subsequent to that recording. A control sample 
without added Ca2 + and a sample or samples receiving 
additional additives constituted a complete experiment. 

Curvature Determination 

Curvatures in the midpiece region of the sperm 
flagella were measured from videotape recordings made 
using phase optics and a 20X objective (Dage NC67 
videocamera, Dage-MTI, Inc., Michigan City, IN and 
Panasonic video cassette recorder model AG-6200). The 
radius of curvature was estimated by matching the curve 
of the first 30 pm of the flagellum to circles of known 
radius. Cells with a long (> 50 pm) section of flagellum 
in uniform focus were chosen for measurement purposes 
to ensure that the flagellar curve was in the focal plane. 
This method is an approximate, but rapid, way of esti- 
mating curvatures. While the absolute values of the cur- 
vatures obtained in this way are not precise (due to the 
nonuniformity of the real flagellar curvature), it provides 
a reliable assessment of the direction and relative mag- 
nitude of the curvature [see Lindemann et al., 1990 for 
further analysis]. This method also allows accumulation 
of a large sample size which furnishes a solid statistical 
representation of the entire cell population rather than 
focusing on selected cells. For every data point of a 
single experiment, 10-15 sperm were measured. The 
data displayed in figures 2, 3, 4, 6, and 7 have been 
pooled from several repeats of experiments using the 
same protocol. The resulting composite graph summa- 
rizes the result. For those graphs, the number of sperm 
measured for each plotted point is approximately 12 X n 
(the number of experiments given in the legend). The 
connecting lines were drawn by the Sigmaplot program 
(Jandel Scientific, Sausalito, CA) using a 2nd or 3rd 
order linear regression for best fit. 

In some preparations containing CAMP, sperm 
models exhibited a flagellar beat which changed the cur- 
vature of the midpiece during each beat cycle. To facil- 
itate taking curvature data under these conditions, the 
procedure was adapted to include measuring curvature at 

19891. Additionally, Cd2+,  an ion known to bind to 
calmodulin [Forskn et al., 1980; Cox and Harrison, 
1983; Chao et al., 1984; Akerman et al., 1985; Vig et 
al., 1989b; Kostrzewska and Sobieszek, 19901, potently 
inhibits the Ca2+ response [Lindemann and Goltz, 
19881. Consequently, we speculate that calmodulin may 
play a role in the Ca2+ response of rat sperm (as it does 
in sea urchin). 

In both sea urchin sperm and rat sperm, the calcium 
response can be elicited in immotile sperm treated with 2 
mM vanadate [Okuno and Brokaw, 1981; Lindemann 
and Goltz, 19881. Calcium curvature change can also be 
induced in poorly motile rat sperm models produced 
from quiescent epididymal sperm [Lindemann and 
Goltz, 19881. These observations suggest that the cal- 
cium response is relatively independent of the sperm mo- 
tility. A direct examination of the effect of cAMP acti- 
vation on the calcium response is needed to determine if 
the two processes are interdependent. 

In this study, we observe the time course of the 
flagellar response to Ca2+,  under various conditions, by 
monitoring the curvature of the sperm midpiece after 
Ca2+ addition. We utilize this standardized protocol to 
examine the importance of cAMP and calmodulin in the 
curvature reversal. 

MATERIALS AND METHODS 

Rat sperm were removed from the cauda epididy- 
mis of mature male rats sacrificed by CO, asphyxia. 
Each epididymis was opened with a razor, and sperm 
were gently expressed into 4 ml of citrate medium con- 
taining 0.097 M sodium citrate, 5 mM MgSO,, and 2 
mM fructose at pH 7.4. The sperm suspension was 
stored at room temperature. Sperm stored longer than 60 
min in this medium became quiescent and upon demem- 
branation showed little motility in the presence of 
MgATP. 

Rat sperm were demembranated by transferring 30 
pl of the sperm suspension into 3 ml of reactivation 
mixture containing 0.024 M potassium glutamate, 0.132 
M sucrose, 0.02 M Tris-HC1, 1 mM dithiothreitol 
(DTT), 2 mM MgCl,, 0.5 mM EGTA, 0.1% Triton X- 
100, and 0.3 mM Mg-Adenosine 5’ triphosphate (ATP) 
(ph 7.8). The demembranated sperm preparation was ob- 
served for motility. If sperm were used soon after col- 
lection (<5 min), the resulting sperm models showed 
activity (usually jittering) in the presence of MgATP. By 
incubating the live sperm in citrate buffer for a greater 
length of time before Triton extraction, it was possible to 
produce sperm models that were nearly quiescent in 0.3 
mM MgATP. These quiescent sperm models would be- 
come motile when 3 pM cAMP was added. After this 
initial observation, the demembranated models were 
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the two extremes of the beat cycle and taking an average 
of the two values. For most of the experiments presented 
here, this was not a serious problem for the following 
reasons: When rat sperm are reactivated with 0.3 mM 
ATP, the midpiece region seldom participates in the 
flagellar beat and can therefore be measured without dif- 
ficulty. When tight hooks in the midpiece (fishhooks) are 
induced with Ca2+,  the hook does not take part in the 
flagellar beat unless the ATP concentration is increased 
[see Lindemann and Goltz, 19881. Only in those exper- 
iments where vigorously swimming live sperm were 
used to produce the models, and where sperm were in- 
cubated in cAMP without added Ca2+ (the control), was 
the motility in the midpiece region sufficient to require 
averaging of the two curvature extremes. 

Cytosol-Free Models 
Rat sperm models, prepared as above, were re- 

moved from both the Triton X-100 and their own cyto- 
solic and membrane constituents by the following pro- 
cedure carried out at 0-4°C. Half (1.5 ml) of the 3 ml 
Triton X-100 extract (containing 200 p1 of sperm stock 
suspension) was removed and gently layered onto 3 ml of 
50% more concentrated glutamate-Tris buffer in a glass 
centrifuge tube. The higher density buffer contained: 0.2 
M sucrose, 0.036 M potassium glutamate, 0.03 M Tris- 
HCl, 1 mM DTT, and 1 mM MgCI, at pH 7.8. 

The layered sample was centrifuged for 10 min at 
160g. The supernatant solution was then discarded, and 
60 p1 of the loosely packed pellet was collected and 
resuspended in a culture dish containing 3 ml of reacti- 
vation mixture. Utilizing 3HcAMP as a tracer, we con- 
sistently found less than 0.01% of the original mixture 
carrying over to the final reactivation dish (in four trials). 
The unused 1.5 ml of Triton X-100 extracted sperm was 
loaded into an Eppendorf centrifuge tube and spun at 
8,000 rpm for 10 rnin to remove the sperm. The resulting 
supernatant solution was saved on ice as a cell-free 
source of cytosolic fraction. 

Experimental Reagents 
Ultrapure ATP and DTT from Boehringer Mann- 

heim (Indianapolis, IN) were used in these studies. U1- 
trapure CaCI, and MgCl, and A.C.S. grade CdSO, were 
obtained from Aldrich Chemical Co. (Milwaukee, WI). 
The bovine brain calmodulin, CAMP, and the rabbit se- 
quence protein kinase inhibitor (PKI) were acquired from 
the Sigma Chemical Co. (St. Louis, MO). ICN (Costa 
Mesa, CA) was one source for the anti-calmodulin. Anti- 
calmodulin was also obtained from Calbiochem (Behring 
Diagnostics, La Jolla, CA). All solutions were prepared 
with deionized water from a millipore Milli-R04 (Mil- 
lipore Corp., Bedford, MA) filtration system. 

RESULTS 
cAMP 

Rat sperm models exhibit a change in their flagellar 
curvature in response to elevating the free Ca2+ concen- 
tration (Fig. 1). Sperm extracted into a low Ca2+ envi- 
ronment demonstrate a monotonic curvature which gives 
them a generally circular appearance (Fig. IA). The ad- 
dition of Ca2 + initially straightens the flagellum and 
consequently brings about a curvature reversal in the 
midpiece region (Fig. 1 B). Gradually this reversed cur- 
vature increases, and the cell ends up in a shape resem- 
bling a “fishhook” (Fig. 1C). We noted in earlier studies 
of this phenomenon, the time course of the response was 
quite variable and the activity level of the sperm seemed 
to play a part in this variability. 

In this study, we have examined the relationship of 
sperm activity and the rate of response to Ca2+.  The 
condition of the live rat sperm used to produce sperm 
models had a substantial impact on the rate of curvature 
change in response to 1 mM added Ca2+. Figure 2 shows 
the response rate of sperm models produced from active 
live sperm shortly after (<5 min) isolation in citrate 
buffer, as compared to models produced from quiescent 
sperm isolated in citrate buffer and allowed to stand for 
1 hour prior to demembranation. If the models produced 
from quiescent sperm were incubated in 3 pM cAMP for 
15 rnin prior to the Ca2+ addition, the rate and extent of 
the curvature response was increased dramatically, as 
seen in Figure 3 .  When sperm were treated with PKI 
before cAMP was added, the priming effect of cAMP 
was completely blocked (Fig. 4), but if PKI was added 
15 rnin after cAMP and just prior to Ca2+,  the potenti- 
ation of the Ca2+ response was not impeded (also shown 
in Fig. 4.) 

Quiescent rat sperm undergo some self-activation if 
allowed to remain in their Triton-cytosol extract [Fentie 
and Lindemann, 1978; Goltz and Lindemann, 19871. 
This self-activation is a consequence of endogenous ade- 
nylate cyclase activity. Removing sperm from their cy- 
tosolic fraction eliminated this self-activation, and mod- 
els produced from quiescent live sperm remained 
quiescent in the absence of CAMP. Figure 5 shows that 
preparations of fully quiescent, cytosol-free sperm ex- 
hibit no response to Ca2+ until activated by cAMP and 
cytosol. The reversed protocol of first priming the cells 
with cAMP resulted in a very rapid response, completing 
the formation of tight curves in less than 2 min following 
the addition of Ca2+ (Fig. 5B.) 

Calmodulin 
Sheep antisera to bovine testis calmodulin was very 

effective at blocking the action of Ca2+ on rat sperm 
flagella (Fig. 6A). The substitution of nonimmune sheep 
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Fig. 1. Triton X-I00 extracted rat sperm models exhibit a change in 
flagellar curvature in response to Ca2+.  Demembranated models were 
prepared from rat sperm soon after isolation from the epididymis. 
Sperm models in 0.5 mM EGTA and 0.3 mM MgATP, without added 
Ca2+,  are seen in A. The flagella uniformly curve in the same direc- 
tion as the curve of the sperm head, giving the sperm a circular 
appearance. In frame B, taken five minutes after the addition of 1 mM 
CaCI, (resulting in a free Ca2+ concentration of 3.5 X the 

flagellar curvature has responded by generally straightening and 
slightly reversing curvature in the midpiece region. Thirty minutes 
after the CaCI, addition, the cells have assumed the characteristic 
“fishhook” shapes observed in C, where the midpiece is strongly 
curved opposite to the original direction in A. In the sample displayed 
in Figure 1, 3 +M cAMP and 1 mM CaCI, were added simulta- 
neously. The white bar in B indicates 40 +m. 

sera did not produce this blockade (also shown in Fig. 
6A). The action of anti-calmodulin on the curvature re- 
sponse could be eliminated by including an excess of 
bovine brain calmodulin in the sample (Fig. 6B). Anti- 
calmodulin from two different suppliers was used with 
the same results. 

As we reported earlier [Lindemann and Goltz, 
19881, Cd2+ was also a very effectual blocking agent. 
Figure 7 shows the effect of 0.1 mM added Cd2+.  The 
nearly complete obstruction of Ca2 + action is particu- 
larly remarkable because, under our working conditions, 
the free Cd2+ concentration in the presence of 0.5 mM 
EGTA is 2.0 x lo-’’ M. This prompted us to examine 
other ions which might be contaminants in the CdSO, 
used in the experiment. The only contaminant with a 
potentially higher free concentration was Zn2+ (which 
could be present at a free concentration of 1 X lop9 M 
based on the manufacturer’s purity specifications). Zn2+ 
was tested for inhibitory activity at a free concentration 
of lop6 M and showed no suppressive effect. Therefore, 
even at an extremely low free concentration, Cd2+ ion 
appears to be capable of curbing the Ca2+ -curvature re- 
sponse. 

DISCUSSION 

Rat sperm respond to an elevation of the free Ca2 + 

concentration by a change in flagellar shape. This re- 

The Effect of the Activity State on 
Calcium-Induced Curvature in Rat Sperm 
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Fig. 2 .  The effect of quiescence on the response of rat sperm models 
to calcium. The graph shows the change in the average curvature of 
the midpiece (first 30 km) of 0.1% Triton X-100 extracted rat sperm 
(sperm models) as a function of time after addition of 1 mM total 
Ca2+. The response is examined in sperm models produced from 
cauda epididymal sperm isolated into citrate buffer. Sperm models 
prepared soon after isolation (<5 min) (0) are compared to models 
produced from sperm incubated in citrate buffer for one hour or longer 
(0). During the incubation of citrate buffer, the initial motility is lost 
and sperm become quiescent. It can be seen that the quiescent sperm 
show a reduced response to Ca2+.  The points plotted are the pooled 
data from two experimental repetitions. Positive curvature is assigned 
to curvature in the same direction as the curve of the sperm head. The 
free Ca2+ concentration before Ca2+ addition was <1.0 X lo-’ and 
after Ca2+ was 3.5 x 
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The Effect of cAMP on 
Calcium-Induced Curvature in Rat Sperm 
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Fig. 3. The effect of incubation with cAMP on the response of qui- 
escent rat sperm models to Ca2+.  The change in the average curvature 
of the midpiece (first 30 pm) of rat sperm models after Ca’+ addition 
(1 mM total). The test samples (0) were incubated for 15 min in 3 pM 
cAMP before Ca2+ addition. For ease of comparison, these cAMP 
pre-incubated samples are plotted with the time of Ca2+ addition 
aligned with the control samples. Three control conditions are coplot- 
ted; 1 mM Ca2+ and no cAMP (O), 3 pM cAMP but no Ca2+ (A),  
and no Ca2+ or cAMP (0). Data for all conditions except the last 
control (0) were pooled from three complete experiments. The control 
with neither cAMP nor Ca2+ was run once. 

The Effect of Protein Kinase Inhibitor on Calcium 
Induced Curvature in Rat Sperm 
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Fig. 4. The effect of protein kinase inhibitor (PKI) on the Car+-  
induced curvature of rat sperm models. Quiescent rat sperm models 
were used to test the effect of PKI on the flagellar Ca2+ response. 
Sperm samples treated with 15,000 units of rabbit sequence PKI were 
recorded with either 15 min of cAMP preincubation (0) or addition of 
cAMP after PKI (A). Samples were also prepared with cAMP but 
without PKI (0) and with neither cAMP or PKI (V). All of the above 
samples were tested with 1 mM added Ca2+ and 3 pM was the 
standardized final concentration of CAMP, when used. One additional 
sample received cAMP but no Ca’+ to provide an activated control 
(0). The graph shown is a composite of two complete experiments. 
*Delayed PKI refers to PKI added after a fifteen minute incubation 
with CAMP. 

sponse to Ca2+ is most apparent in the midpiece region 
where the curvature reverses direction and increases in seen in Figs. 2 and 3). This may reflect the fact that 
absolute magnitude to form a tight hook. In the current epididymal sperm are never fully activated, exhibiting 
study, we have found that the time course of the calcium- slow motility even immediately after extraction from the 
induced curvature response depends on the state of acti- epididymis. This could be indicative that the speed and 
vation of the sperm. The activation state is in turn di- magnitude of the Ca2+ response is fairly tightly coupled 
rectly governed by the CAMP-kinase A regulatory with the in situ phosphorylation state. Epididymal 
pathway. Two experiments demonstrated that, in the ex- sperm, maintained in a state of relative quiescence, 
treme, the Ca2+ response becomes totally cAMP depen- would not be maximally phosphorylated even immedi- 
dent. The first experiment used sperm models generated 
from quiescent live sperm and blocked kinase A with 
PKI. The second used Triton X-100 extracted, quiescent 
sperm and removed the cytosol, consequently removing 
the adenylate cyclase and most of the kinase A. Under 
both experimental conditions, the Ca2+ response was 
effectively eliminated. In the second protocol, Ca2+ sen- 
sitivity was restored when activity was restored with 
cAMP and cytosol. 

From these results, we can conclude that kinase A 

ately after isolation. 
We have found that the Ca2+ response rate gener- 

ally parallels the activity state of the sperm models, a 
possible indication that the dynein bridges are required 
for both the motility and curvature processes. Alterna- 
tively , the presence of stable noncycling dynein cross- 
bridges may be interfering with the change of curvature 
during quiescence (producing a rigor-like state). Earlier 
studies found that inhibiting dynein with vanadate does 
not block the Ca2+ response in either rat or sea urchin 

activation of the axoneme potentiates the axonemal re- 
sponse to Ca2+.  This finding makes it likely that the 
active sites regulating the Ca2+ response require phos- 
phorylation by kinase A. 

After incubating sperm models in CAMP, both the 
magnitude and speed of the flagellar response to Ca2+ is 
greater than that of sperm models produced from either 
quiescent or motile epididymal sperm without cAMP (as 

sperm [Okuno and Brokaw 1981; Lindemann and Goltz, 
19881. Vanadate inhibition is known to put the dynein 
cross-bridges into the dissociated state [Sale and Gib- 
bons, 19791. On this basis, it is possible the bridges 
interfere with, rather than generate, the curvature re- 
sponse. Since either model would fit our present data, it 
will be necessary to rule out this possibility before it can 
be stated with certainty that the Ca2+ response mecha- 
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The Effect of Sheep Serum on 
Calcium-Induced Curvature in Rat Sperm A 
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Fig. 5 .  The calcium response in cytosol-free sperm models. Quiescent 
rat sperm models were removed from their own cytosolic fraction by 
density layering and centrifugation (see methods). In A, sperm did not 
respond at all to addition of 1 mM Ca’+ until 200 pl cytosol and 3 pM 
cAMP were added. In B, cAMP alone and cAMP plus cytosol evoked 
no curvature change but permitted a rapid response (<2 min) when 
Ca” was subsequently added. The two plots displayed are single 
experiments. 

nism is dependent on the same dynein bridges which 
produce motility. 

In the current study, we have been able to demon- 
strate that anti-calmodulin produces a strong inhibition of 
the Ca2+ response. The anti-calmodulin inhibition ex- 
hibits the characteristics of a specific antibody reaction. 
It is independent of sera and can be eliminated by excess 
exogenous calmodulin. 

Cd2+,  which has an ionic radius very similar to 
Ca2+ [Cheung, 19841, is known to bind competitively to 
calmodulin [ForsCn et al., 1980; Cox and Harrison, 
1983; Chao et al., 1984; Akerman et al., 1985; Vig et 
al., 1989b; Kostrzewska and Sobieszek, 19901 and is 
variably reported to have an agonistic or antagonistic 
action [Akerman et al., 1985; Mills and Johnson, 1985; 

The Effect of Anti-Calmodulin on 
Calcium-Induced Curvature in Rat Sperm 
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Fig. 6. Anti-calmodulin inhibition of the calcium response of rat 
sperm models. Sheep antisera to bovine testis calmodulin (30 pl) was 
added to 3 ml samples of rat sperm models. In A, samples with 
anti-calmodulin (0) were compared to samples with an equal volume 
of sheep nonimmune serum (0) and to control samples receiving no 
serum (A). In B, samples receiving 30 pl of sheep antisera to calm- 
odulin (0) are compared to samples receiving the same dose of anti- 
calmodulin plus an excess (1,000 units) of bovine brain calmodulin (0) 
and samples receiving only Ca2+ and cAMP (A). The graphs are 
composed from the pooled data of two (A), or four (B) complete 
experiments. All samples received 1 mM Ca2+ and 3 p M  cAMP to 
initiate the curvature response (at arrow). 

Niewenhuis and Prozialeck, 1987; Cheung, 1988; Ver- 
bost et al., 1988; Vig et al., 1989a,b]. We find only a 
strong antagonistic action. Furthermore, Cd2 + is docu- 
mented as binding to calmodulin with the same general 
affinity as Ca2+ [Tngersoll and Wasserman, 1971; Aker- 
man et al., 1985; Verbost et al., 19871. We observe 
inhibition with Cd2+ at a much lower concentration than 
would be possible if the reported affinity of Cd2+ for 
calmodulin were applicable in this instance. This sug- 
gests the possibility that the action of Cd2+ may not be 
mediated through calmodulin. Nonetheless, because it is 
effective at very low concentration, Cd2+ may provide a 
useful tool for exploring the molecular basis of the Ca2+ 
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Fig. 7. Cadmium inhibition of the calcium-induced curvature re- 
sponse in rat sperm. The calcium curvature response of sperm samples 
inhibited with 0.1 mM Cd2+ prior to 1 mM CaZ+ addition (0) is 
compared to samples only receiving 1 mM Ca2+ (0) and to samples 
receiving neither Cd2+ nor Ca2+ (A). After Cd2+ addition, the free 
Cd2+ concentration under these conditions was 2.0 X lo-'" M. The 
points plotted are pooled data from three separate experimental repe- 
titions. All test samples received 3 pM CAMP to maximize the cur- 
vature response. 

response in cilia and flagella (much as vanadate has been 
useful in exploring dynein-tubulin interactions .) 

There is some evidence that another protein, cen- 
trin, may play a role in flagellar responses to calcium 
[Hohfeld et al., 1988; Salisbury, 19891. This contractile 
protein, which also binds calcium, has been shown to be 
present in the basal region of human sperm flagella [Sal- 
isbury et al., 19861. This is a suggestive coincidence 
since, in our experiments, this is the region of the sperm 
flagellum which demonstrates the greatest response to 
calcium. However, in a previous study, after we re- 
moved the flagellar basal region by microdissection, the 
remainder of the flagellum retained the hooked config- 
uration imparted by calcium [Lindemann and Goltz, 
19881. Also, centrin generally exhibits its conforma- 
tional change in the range of low7 to M free Ca2+ 
[McFadden et al., 19871. We observe the curvature tran- 
sition in rat and mouse sperm over the range of lop6 to 

M free Ca2+ [Lindemann and Goltz, 1988; Linde- 
mann et al., 19901, coinciding more closely with the 
activation curves for calmodulin [Potter et al., 19831. 
Finally, centrin can undergo calcium-induced contrac- 
tion in the absence of ATP. In our observations, rat 
sperm will not exhibit the curvature response without 
ATP present. While we do not rule out a role for centrin 
in the complete calcium response, our current evidence 
points toward the involvement of calmodulin and dem- 
onstrates some inconsistencies with the concept of a cen- 
trin-mediated mechanism. 

In sea urchin sperm, the role of calmodulin in the 

flagellar base-line curvature has been well established 
[Brokaw, 1987a; Eshel and Brokaw, 19871. A similar 
calcium regulation of cilia produces beat reversal and 
switching arrest which appears to play a role in swim- 
ming reversal in Paramecium [Naitoh and Kaneko, 
19721 and control of the ciliary beat cycle [Satir, 1975; 
Wais-Steider and Satir, 19791. The various descriptions 
of the Ca2+ regulation in these invertebrate systems in- 
clude sensitivity to Ni2+ [Naitoh and Kaneko, 19721, 
independence from low level vanadate inhibition [Wais- 
Steider and Satir, 1979; Okuno and Brokaw, 19811, de- 
pendence on calmodulin [Brokaw and Nagayama, 19851, 
and some evidence for a cAMP corequirement [Brokaw, 
1987a,b]. We have been able to document many, if not 
all, of the same features in a large, morphologically more 
complex, mammalian sperm flagellum. This would in- 
dicate that calcium regulation is a highly conserved 
mechanism. 

This new insight into the cAMP and Ca2+ interac- 
tions with the axoneme has relevance to understanding 
the behavior of the sperm in the male and female repro- 
ductive tract. In the epididymis, sperm are quiescent and 
internal calcium is high [Hoskins and Vijayaraghavan, 
19901. Calcium-activated phosphodiesterase keeps the 
level of cAMP low [Wasco and Orr, 1984; Wasco et al., 
19891 and adenylate cyclase is not activated [Okamura et 
al., 1985; Morisawa and Ishida, 19871. Quiescence is 
maintained by keeping sperm in the dephosphorylated 
state, resulting in a lack of motility and a poor respon- 
siveness to calcium. After ejaculation, the sperm are ac- 
tivated by the activation of adenylate cyclase [Okamura 
et al., 198.51. Concurrently, calcium levels fall due to 
caltrin [San Agustin et al., 1987; Breitbart et al., 1990; 
Coronel et al., 19901 which in turn inactivates phospho- 
diesterase. Together, these changes elevate cAMP and 
phosphorylate the axonemal motor proteins. This both 
turns on the motility and potentiates the axoneme to re- 
spond to calcium. A subsequent rise in cytosolic Ca2+ 
levels during capacitation [Handrow et al., 1989; Ruk- 
nudin and Silver, 19901 induces the curvature response 
and produces hyperactivated motility. This hypothetical 
sequence, while still somewhat speculative, is remark- 
ably consistent with the actual events in the physiology 
of sperm maturation. 

CONCLUSION 

In conclusion, data presented in this study support 
the view that activation of the axoneme by CAMP-de- 
pendent kinase is required for the flagellum to respond to 
calcium. It also appears that anti-calmodulin is a potent 
antagonist of the response, making the involvement of 
calmodulin a likelihood. Based on this new information, 
it appears that a conserved mechanism for curvature reg- 
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ulation, similar to that reported in a number of inverte- 
brate systems, is also present in the flagella of mamma- 
lian sperm. 
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