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Regulation of Activation State and Flagellar 
Wave Form in Epididymal Rat Sperm: 
Evidence for the Involvement of Both 

Ca2+ and cAMP 

Charles B. Lindemann, Jason S. Goltz, and Kathleen S. Kanous 
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Rat sperm from the cauda epididymis exhibit increased motility, longevity, and a 
distinct circular pattern of flagellar curvature in response to 5 rnM procaine-HCI 
or 0.1 mM 8-(N,N-diethylamino)-octy1-3,4,5-trimethoxybenzoate (TMB-8), re- 
agents that are thought to play a role in the immobilization of free cellular calcium. 
Triton X-100-extracted sperm models will exhibit the same pattern of motility and 
curvature as procaine- or TMB-&activated cells, but only when calcium is re- 
moved by a strong chelating agent, and in the presence of cAMP (3  pM). 
Demembranated sperm models produced from epididymal rat sperm are quiescent 
unless cAMP is added. In these sperm models, the presence or absence of free 
calcium mediates a transition in flagellar curvature. The increased activity of the 
procaine-treated intact cells was not accompanied by a change in cellular ATP 
content, nor was ATP availability the limiting factor in the quiescent sperm. 
Therefore, the increased motility produced by procaine is probably mediated by a 
fall in free intracellular Ca2+ accompanied by a rise in CAMP. Our finding that 
calcium controls the curvature of sperm flagella may explain altered patterns of 
flagellar beating, such as the hyperactivated motility that sperm exhibit in the 
female reproductive tract. 
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INTRODUCTION 

This study examines the action of procaine-HC1 on 
sperm isolated from the cauda epididymis of the rat. This 
line of inquiry led us to explore the respective roles of 
Ca2+ and adenosine 3'-5' cyclic monophosphate (CAMP) 
on the wave form and activity of rat sperm flagella. 

Much work has been directed towards devising 
media and methods for activating rodent sperm in vitro 
[Toyoda and Chang, 1974; Wolf and Inoue, 1976; Chu- 
lavatnatol, 19821. Rat sperm taken from the cauda epidid- 
ymis show little or no motility when diluted into simple 
buffer solutions. We observed these sperm to be activated 
in the presence of either procaine-HC1 or 8-(N,N-dieth- 
ylamino)-octyl-3,4,5-trimethoxybenzoate (TMB-8) in a 
sodium citrate solution that otherwise will not produce 
activation or sustain motility in vitro. The motility pro- 
duced by the action of procaine or TMB-8 persists for 
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several hours at room temperature, and the activated 
sperm exhibit uniformly curved flagella that are distinc- 
tive in appearance [Lindemann, 1985; Lindemann and 
Goltz, 19861. The effect of these agents is most interest- 
ing because one of their pharmacological actions is to 
lower Ca2+ in the cytosol [Nelson, 1972; Seeman, 1972; 
Malagodi and Chiou, 1974; Rittenhouse-Simmons and 
Deykin, 1978; Smith and Iden, 1979; Clapper and Epel, 
1982; Singh et al., 1983; Hong et al., 19851. The activa- 
tion of sperm by procaine was first observed by Nelson 
[ 19721, who speculated that procaine lowered the internal 
calcium concentration or changed the membrane conduc- 

Received April 23, 1987; accepted July 13, 1987. 

Address reprint requests to C.B. Lindemann, Department of Biologi- 
cal Sciences, Oakland University, Rochester, MI 48063. 



Ca2+ and CAMP in Sperm Motility 325 

ATP Determinations 

ATP content of epididymal rat sperm as assayed 
using a Turner Luminometer Model 20 (Turner Designs, 
Mountain View, CA) and a Luciferin-Luciferase Enzy- 
matic Assay procedure (Turner Luminescence Review 
Bulletin No. 204, May 1983). For this assay, sperm 
prepared as described above were lysed by diluting them 
1: 100 in distilled water and then holding them in plastic 
test tubes at 0°C. A microscope slide cytometer was used 
to determine the cell density. Before lysis, the sperm 
were incubated live for at least 1 hour after epididymal 
isolation, during which the untreated controls lost their 
motility. Further positive controls were provided by in- 
hibiting energy metabolism in matched pairs of samples 
with KCN and 2-deoxy-D-glucose (2-DOG) at 2-mM and 
4-mM final concentrations, respectively. Samples thus 
inhibited enabled us to assess the effect of lowered ATP 
concentration on motility. 

tivity of the sperm membrane [Nelson, 1974; Nelson et 
al., 19821. Later, Singh et a1 [1983] examined the effects 
of several local anesthetics and Ca2+ transport antago- 
nists on bovine epididymal sperm. These investigators 
noted an activation of motility and an asymmetric beating 
pattern of the sperm flagella like that observed during 
hyperactivation of sperm motility in the female reproduc- 
tive tract. 

In our current study, we explore the effects of 
procaine and TMB-8 on the activation of epididymal rat 
sperm and examine conditions that produce comparable 
effects on the motility of Triton X-100-extracted cells. 
The relevance of our findings to mechanisms of quies- 
cence and activation of sperm in the mammalian tract are 
discussed. 

METHODS 

Rat sperm were removed from the cauda epididy- 
mis of mature male rats sacrificed by C02  asphyxia. 
Each epididymis was opened with a razor, and sperm 
were gently expressed into 4 ml of citrate buffer contain- 
ing 0.097 M sodium citrate, 2 mM glucose, and 1 mM 
CaClz at pH 7.4. The putative activating agents or inhib- 
itors were added, and their impact on motility was deter- 
mined. Sperm were isolated and stored at room 
temperature prior to their use. 

Preparation of Triton X-100-Extracted 
Sperm Models 

Rat sperm were demembranated by transferring 50 
pl of sperm suspension into 3 ml of reactivation mixture 
in a cell culture dish. The mixture contained 0.024 M 
potassium glutamate, 0.132 M sucrose, 0.02 M Tris- 
HCI, 1 mM dithiothreitol, 2 mM MgS04, and 0.1% 
Triton X-100 (pH 7.9). After initial observation for the 
absence of motility, ATP was added to a final concentra- 
tion of 0.3 mM [modified from Lindemann, 19781. These 
demembranated sperm preparations were used to test the 
effects of various concentrations of CAMP, Ca2+, ethyl- 
ene glycol bis-(P-aminoethyl ether) N,N,N’,N’-tetraace- 
tic acid (EGTA), and nitrilotriacetic acid (NTA) on 
motility. 

Motility Measurements 

All numerical data for quantitating motility was 
taken from 16-mm motion-picture film records of the 
experiments. Films were made at a framing rate of 24 
f p s  using a Beaulieu R16 (Charenton-Le-Pont, France) 
motion-picture camera with a built-in tachometer for cal- 
ibration purposes. Flagellar wave patterns were analyzed 
by tracing projected single-frame images of the sperm. 

REAGENTS 

Procaine-HC1, lidocaine-HC1, EGTA, and CAMP 
were obtained from Sigma Chemical Company (St. 
Louis, MO). TMB-8 was obtained from Calbiochem 
(Behring Diagnostics, San Diego, CA) and was made up 
as 0.01 M stock solution in 100% ethanol. The highest 
ethanol concentration in the screening of TMB-8 was 
4 % .  

Reagents for the Luciferin-Luciferase Assay were 
obtained from Turner Designs, and ATP was obtained 
from Boehringer Mannheim Biochemicals (Indianapolis, 
IN). 

RESULTS 
Sperm Response to Procaine 

Epididymal rat sperm showed increased motility in 
the presence of procaine-HCI. Optimal activation was 
observed at concentrations of 5 mM to 10 mM, while no 
effect was seen at concentrations less than 1 mM. In 
Figure 1, a sequence of three frames from the film record 
taken after 3 hours of incubation in 5 mM procaine shows 
that the cells are alive and motile. The circular curvature 
of the flagella, which is so striking in this sequence, is 
characteristic of procaine and TMB-8-treated sperm and 
is maintained as the cells move. The uniformity of re- 
sponse to procaine can also be seen in Figure 1. When 
sperm were treated in this way, the flagella always curved 
in the same direction as the rat sperm head. 

The enhanced motility persisted for at least 5 hours 
at ambient temperature. Control sperm in citrate suspen- 
sion buffer (Fig. 2) showed slow initial motility that was 
lost between 30 minutes and I hour of incubation. There- 
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Fig. 1. Three frames from a 16-mm motion-picture film showing 
the effects of 5 mM procaine-HCI on a sample of epididymal rat 
sperm. The frames are in a temporal sequence, left to right, with one 
intervening frame omitted between each to emphasize the motion. 
The frames shown are 83.3 msec apart (framing rate, 24 fps). Sperm 
are in sodium citrate buffer at pH 7.4 containing 1 mM Ca2' and 2 

CONTROL 

2.83 SEC 

PROCAINE- HCI 
T 

0.25 SEC 

2.04 SEC 

0.33 SEC 

mM glucose. This sequence was filmed 3 hours after isolation of the 
sperm. At this time, the control sample without procaine had lost all 
motility. The arrows point out cells that can be seen to progress over 
the course of the sequence. Note the striking uniformity of the flagel- 
lar curvature. The bar in the lower left corner indicates 100 pm. 

after, these sperm remained immotile but could be acti- 
vated with 5 mM procaine, xylocaine, or proparacaine. 
The reinitiated motility of delayed procaine treatment 
usually was less vigorous than the response to procaine 
addition immediately after isolation, but an increase in 
motility was always observed. Removing the sperm from 
the procaine solution by centrifugation and resuspension 
in fresh citrate buffer reversed the procaine effect 
completely. 

The percentage of cells responding to procaine var- 
ied from 80% in some samples (as in Fig. 1) to as little 
as 5 % (Table I). The cause of this variability appears to 
depend on the percentage of epididymal sperm whose 

Fig. 2. One cycle of flagellar bending is shown for each of four 
sperm. The upper two without, and the lower two with, 5 mM 
procaine-HCI. Tracings were made from 16-mm motion-picture film. 
The sperm were at 23"C, and the framing rate was 24 f p s .  One period 
of the cycle is shown in each tracing, and the duration of the period 
is given under each. Some frames in the beat cycle are not shown. 
Control cells were filmed within 30 minutes after isolation from the 
epididymis and before motility was lost. Note the decreased period 
and modified wave form of the procaine-treated cells. The midpiece 
participates minimally in the generation of the flagellar wave in these 
cells. 
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TABLE I. Detailed Summary of the Frequency and Percent Motility of Pre- and Postactivated 
Epididymal Sperm and Triton-Extracted Models 

Frequencies Motility 

Conditions No. Hertz (* SD) No. % 
Reactivated < 1 hour 

(3 pM cAMP and 
0.5 mM EGTA) 13 2.58 f 0.06 6 82 

Reactivated < I hour 
(3 pM cAMP and 
1 mM Ca2+) 30 1.97 k 0.16 5 70 

Live (5 mM procaine) 
At 1 hour 20 2.98 * 0.07 - Variable’ 

22 2.67 0.04 - Variable’ At 3 hours 

Live (0. I m M  TMB-8) 

Live (control) 
At 1 hour 15 2.67 k 0.08 - Variable I 

At 0.5 hour 21 0.395 k 1.20 - Variable’ 
At 3 hours’ - J 0.00 - - 

‘Variance in % motility can be attributed to the number of sperm with disrupted membranes. A summary 
of data that supports this is shown in Table 11. 
’Average frequency of sample not significant. 

TABLE 11. Analysis of the Variability in Isolated Epididymal 
Sperm 

procaine-induced motility prompted US to see if similar 
motility characteristics could be induced in Triton X- 100- 
extracted epididymal sperm models. 

Reactivated (CAMP and E G W  Triton-Extracted Sperm Models 
(%I  

The rat sperm models produced by 0.1 % Triton X- 
100 treatment exhibited little initial motility in response 

4 66 92 to ATP addition. In the immotile state, the models had 

Motility percentages and conditions 

Live (procaine) % No. Without Triton With Triton 

23 

membranes had been damaged. When placed in modified 
reactivation medium without Triton X-100 and with 0.3 
mM ATP and 3 pM CAMP, a percentage of immotile 
sperm from control samples initiated motility. The frac- 
tion of cells that did not respond to ATP was subse- 
quently activated when 0.1 % Triton was added. In four 
experiments where both populations were counted and 
compared (Table 11), the number of damaged cells (ie, 
those that respond to ATP without Triton) correlated 
inversely with the number of procaine-responsive cells. 
This supports our assertion that the variability in the 
procaine response (as well as in the controls) was due to 
the presence of damaged cells. We were unable to deter- 
mine if the damage was introduced during isolation or if 
it is inherent in epididymal sperm. 

The movement of procaine-treated cells is asym- 
metric, and most of the motion is confined to the distal 
flagellum (principal piece). The proximal flagellum (head 
and midpiece) remains permanently curved and relatively 
quiet (Fig. 2). This pattern of movement contrasts with 
that seen in motile cells that have not been treated (Fig. 
2, control). These readily identifiable characteristics of 

uniformly curved flagella, and interestingly, the curva- 
ture appeared to be controlled by the concentration of 
Ca2+ in the reaction mixture. Figure 3 shows the re- 
sponse of membrane-extracted rat sperm treated with 0.5 
mM EGTA (left) and the same sample after addition of 1 
mM Ca” (right). The distinct geometry of the rat sperm 
head allows one to determine that the direction of curva- 
ture before and after calcium addition has reversed. Some 
sperm models responded to calcium by developing an 
extremely tight bend in the midpiece region, giving them 
the appearance of a fishhook. The curvature transition 
was reversible, although very tight “fishhooks” often 
resisted reversal. While EGTA was routinely used to 
remove Ca2+, other strong Ca2’ chelators such as NTA 
produced the same pattern of curvature. 

Quiescent epididymal sperm models can be acti- 
vated by CAMP. The flagella display coordinated regular 
beating cycles in the presence of 0.3 mM ATP, 2 mM 
Mg2+, and 3 pM CAMP. When 0.5 mM EGTA or 0.5 
mM NTA was also present, the sperm retained a forward 
circular curvature after activation of motility. The result- 
ing motion looked remarkably similar to the movement 
of procaine-treated intact cells, as is demonstrated in the 
frame-by-frame comparison shown in Figure 4. 
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Fig. 3.  The effect of Ca2+ on the flagellar shape of Triton X-100- sperm head always points in the same direction as the flagellar cur- 
extracted epididymal rat sperm models. Sperm models in the presence vature in EGTA, but the curvature of the midpiece and part of the 
of 0.3 mM Mg-ATP are shown with 0.5 mM EGTA (left) or 0.5 mM principal piece is reversed in curvature when Ca2+ is in excess. 
EGTA and 1 mM CaC12 (right). The bottom panel shows the uniform- Sometimes this reversal is so severe as to produce sperm that look 
ity of the response in a field of many cells, and the top provides a like fishhooks; several of these can be seen in the bottom right panel. 
closer look at the individual cell configurations. Note that the pointed 

Sperm Response to TMB-8 comparison with a procaine-treated intact cell and an 
EGTA-CAMP-treated modeled sperm. The similarities in 

Since our results pointed to a lowering of internal the observed motility suggest a common mechanism of 
Ca2' by procaine, we screened TMB-8, which has been action. The level of cell activity as measured by the mean 
reported to immobilize cellular calcium. TMB-8 (0.05 to beat frequencies from all three conditions was remarka- 
0.1 mM) produced a procaine-like activation of live epi- bly similar (Table I). The measured values of beat fre- 
didymal sperm. Figure 4 shows a frame-by-frame analy- quencies are significantly elevated compared to that of 
sis of the motion of a TMB-8-activated intact cell for the untreated epididymal sperm. 
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Fig. 4. Direct frame-by-frame comparison of sperm motility in 
intact cells stimulated with 0.1 mM TMB-8 or 5 mM procaine-HC1 to 
the motility of Triton X-100-extracted sperm models stimulated by 3 
pM CAMP in the presence of 0.5 mM EGTA. Demembranated sperm 
models have 0.3 mM Mg-ATP present to drive the motility. Note the 

spatial and temporal similarity of all three sequences. This impression 
is further confirmed by the summary tracings provided at the end of 
each sequence. The time for all three sequences is shown at the bottom 
of each column. Every other frame is displayed in each sequence. 
Filming rate was 24 fps. 

TABLE 111. ATP Content of Epididymal Rat Sperm 

No. of nmoles ATP 
Treatment experiments sperm cell 

5 mM procaine- 8 9.47 ( t5 .8 )  x 10-7 
activated 

Plus 2 mM KCN 6 5.18 (k4.8)  X lo-' 

Control sperm 8 9.30 (k8.5) x 10W7 
and 4 mM DOG' 

Plus 2 mM KCN 6 4.40 (k5.3) x 10-7 
and 4 mM DOG' 

'DOG, 2-deoxy-D-glucose. 

intact sperm. Samples were subdivided; some were pro- 
caine-activated and others were not (Table 111). There 
was no difference between the ATP content of procaine- 
activated cells and matched control samples that had lost 
all motility. Suppression of respiration and gly coly sis 
with KCN and 2-DOG gave expected decreases in ATP 
content in both groups. Metabolic inhibition at this level 
still permitted slow motility in the procaine-treated cells 
at the time they were lysed. Therefore, ATP content 
cannot be the limiting factor in the activation of epididy- 
ma1 sperm motility. 

ATP Content of Intact Rat Sperm DISCUSSION 

In spite of the similarity between the motility of Procaine-HC1 and TMB-8 stimulate and maintain 
EGTA-CAMP-treated sperm models and that of procaine- motility in epididymal rat sperm under conditions that 
and TMB-%treated epididymal sperm, it was necessary will not otherwise maintain motility. The flagellar beat 
to determine whether or not motility activation in intact frequency is increased after treatment, and motility is 
cells was secondary to a simulation of respiration. This sustained for hours longer than in matched untreated 
was accomplished by measuring the ATP content of the samples. The activating effects of these two agents are 
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accompanied by a circular curvature of the flagellum, 
which can be easily distinguished from the untreated 
samples. 

Shape and motility characteristics of procaine- and 
TMB-&activated sperm can be duplicated with Ca2+ 
chelators in Triton X- 100-extracted sperm models. Re- 
moval of Ca2+ from sperm models by the addition of a 
strong Ca2+ chelator created the circular curvature, while 
exogenously added cAMP resulted in motility that ex- 
actly matched the pattern occurring in live cells. There- 
fore, procaine and TMB-8 produced the observed effects 
on sperm motility by decreasing cytoplasmic free Ca2+ 
and elevating cAMP in the treated cells. The Ca2+ im- 
mobilizing effects of these drugs in other systems has 
been extensively noted in the literature [Nelson, 1972; 
Seeman, 1972; Malagodi and Chiou, 1974; Rittenhouse- 
Simmons and Deykin, 1978; Smith and Iden, 1979; Clap- 
per and Epel, 1982; Singh et al, 1983; Hong et al, 19851, 
and our findings are consistent with the pharmacological 
actions of these agents. The fact that cAMP is needed to 
simulate the motility characteristics of procaine-treated 
sperm is unexpected, but a connection can be made 
between Ca2+ and cAMP levels. Wasco and Orr [1984] 
recently showed that rat sperm have high levels of a 
calcium-activated phosphodiesterase. These sperm would 
be depleted of internal cAMP as long as cytoplasmic 
calcium levels were sufficient to activate the enzyme's 
activity. We have previously reported [Fentie and Linde- 
mann, 1978; Lindemann and Goltz, 19861 and continue 
to find that sperm models prepared from epididymal rat 
sperm are extremely cAMP dependent, having no motil- 
ity until cAMP is added. Therefore, it appears that cAMP 
dependence and Ca2 +-activated phosphodiesterase may 
be part of the natural quiescence mechanism that shuts 
down sperm motility in the epididymis. Procaine and 
TMB-8 disturb this balance by decreasing cytoplasmic 
free Ca2+ and deactivating the Ca2+-dependent phospho- 
diesterase, resulting in increased cellular CAMP. 

Procaine-treated sperm motility is abnormal in that 
the flagella are characteristically curved. This shape is 
induced by low free-Ca2+ concentrations in the cyto- 
plasm of drug-treated cells. The fact that similar shape 
characteristics can be induced in Triton-extracted sperm 
models using Ca2+ chelators reaffirms this conclusion. 
A more normal curvature and motility can be produced 
in the extracted sperm models by higher levels of Ca2', 
administered in the presence of exogenous CAMP. It is 
likely that in fully activated rat sperm, higher levels of 
cellular Ca2+ and cAMP coexist in the cytoplasm. Nu- 
merous reports link the onset of motility in maturing 
sperm to increases in cytoplasmic cAMP [Hoskins et al, 
1975, 1978, 1979; Brandt and Hoskins, 1980; Dacheux 
and Paquignon, 1980; Mann and Lutwak-Mann, 1981; 

kaw, 1984; Vijayaraghavan and Hoskins, 19861. Several 
candidates have been proposed as external signaling 
agents that would activate the adenylate cyclase either 
during epididymal transit or upon ejaculation [Brandt and 
Hoskins, 1980; Londos et al., 1981; Vijayaraghavan and 
Hoskins, 1985; Stein et al, 19861. If rat sperm in the 
cauda epididymis have yet to be fully activated, as has 
been suggested [Toyoda and Chang, 1974; Dacheux and 
Paquignon, 1980; Chulavatnatol, 19821, then their cAMP 
manufacturing pathway may be incompletely activated. 
Our results could then be stated as follows: 1) Treating 
the cells with any Ca2+-immobilizing agent will lower 
cytoplasmic Ca2' to subphysiological levels; 2) the Ca2+- 
dependent phosphodiesterase, which normally enforces 
quiescence, is deactivated; 3) cAMP accumulates in spite 
of a slow rate of production and leads to an activation of 
motility; 4) the activated motility is stable, but abnormal, 
because of an independent effect of cytoplasmic Ca2+ on 
flagellar shape. The combined action of Ca2+-activated 
phosphodiesterase and the low rate of cAMP formation 
may be the mechanism of quiescence in epididymal sperm 
cells. 

The independent effect of free Ca2+ on the curva- 
ture characteristics of Triton X-100-extracted sperm 
models has important implications for the fundamental 
mechanism of motility in mammalian sperm. Invertebrate 
sperm and cilia have been reported to respond to Ca2+ 
by a change in curvature [Naitoh and Kaneko, 1973; 
Brokaw and Gibbons, 1975; Brokaw, 1979; Okuno and 
Brokaw, 1981; Brokaw and Nagayama, 19851 or in activ- 
ity [Gibbons, 1980; Gibbons and Gibbons, 1980; Sale, 
19851 or both. Until now, similar evidence on mamma- 
lian sperm and cilia has been lacking. Our results de- 
scribe a system for studying the Ca2+ curvature response 
in a mammalian flagellar system. The fortuitously lop- 
sided heads of rodent sperm enable the observer to deter- 
mine the direction of flagellar curvature. In previous 
attempts to record the effects of Ca2+ on mammalian 
sperm, results were obscured by the bilateral symmetry 
of the sperm, making it impossible to tell the direction of 
curvature. Ca2' does not prevent motility as it does in 
some invertebrate species, so earlier observations that 
sperm can be equally motile with or without Ca2+ remain 
accurate [Lindemann and Gibbons, 1975; Lindemann, 
19801. The direction of flagellar curvature and the overall 
wave form does, however, appear to change with Ca2+. 

The role of this curvature-regulating mechanism in 
invertebrate cilia and flagella is not yet clear. A recent 
analysis by Eshel and Brokaw [1987] suggests that cal- 
cium sets the base-line or equilibrium position upon which 
waves propagate. Alternately, it has been suggested 
[Wais-Steider and Satir, 1979; Satir, 19851 that the Ca2+- 
induced curvature represents an end point of the ciliary 

Morisawaand Okuno, 1982; Hoskins et al, 1983; Bro- beat cycle. We are currently investigating the role that 
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Dacheux, J.L., Paquignon, M. (1980): Relations between the fertil- Ca2+-induced hooks play in the flagellar beat cycle of 
mammalian sperm. 

The process of hyperactivation, first reported by 
Katz and Yanagimachi 119801, involves a striking change 
in the swimming pattern of sperm in the upper female 
reproductive tract. This transition appears to be neces- 
sary for fertilization and has now been reported in several 
species [Yanagimachi and Usui, 1974; Mahi and Yanagi- 
machi, 1976; Fraser, 1977; Cooper et al, 1979; Olds- 
Clarke, 19831. Research into the conditions that support 
hyperactivation implicate Ca2+ as a major determinant. 
Our results show that Ca2+ controls flagellar curvature 
and that elevated calcium levels can produce sharp bends 
at the midpiece region of the sperm. A comparison of 
our fishhooked sperm and the tracings of hyperactivated 
motility published in the work of other investigators 
[Katz and Overstreet, 1980; Katz and Yanagimachi, 1980; 
Yanagimachi, 19811 show a similar tight bend at the 
midpiece region of hyperactivated live cells. Our study 
suggests that Ca2+ regulation of flagellar shape may be 
the underlying mechanism needed to explain the transi- 
tion to hyperactivated motility. 
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