
Th
e 

Jo
ur

na
l o

f C
el

l B
io

lo
gy

 



 

 The Rockefeller University Press, 0021-9525/2003/04/89/13 $8.00
The Journal of Cell Biology, Volume 161, Number 1, April 14, 2003 89–101
http://www.jcb.org/cgi/doi/10.1083/jcb.200212053

 

JCB

 

Article

 

89

 

Speract induces calcium oscillations in the sperm tail
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ea urchin sperm motility is modulated by sperm-acti-
vating peptides. One such peptide, speract, induces
changes in intracellular free calcium concentration

([Ca

 

2

 

�

 

]

 

i

 

). High resolution imaging of single sperm reveals
that speract-induced changes in [Ca

 

2

 

�

 

]

 

i

 

 have a complex
spatiotemporal structure. [Ca

 

2

 

�

 

]

 

i

 

 increases arise in the tail
as periodic oscillations; [Ca

 

2

 

�

 

]

 

i

 

 increases in the sperm head
lag those in the tail and appear to result from the summation
of the tail signal transduction events. The period depends
on speract concentration. Infrequent spontaneous [Ca

 

2

 

�

 

]

 

i

 

transients were also seen in the tail of unstimulated sperm,
again with the head lagging the tail. Speract-induced fluc-

S

 

tuations were sensitive to membrane potential and calcium
channel blockers, and were potentiated by niflumic acid,
an anion channel blocker. 3-isobutyl-1-methylxanthine,
which potentiates the cGMP/cAMP-signaling pathways,
abolished the [Ca

 

2

 

�

 

]

 

i

 

 fluctuations in the tail, leading to a
very delayed and sustained [Ca

 

2

 

�

 

]

 

i

 

 increase in the head.
These data point to a model in which a messenger generated
periodically in the tail diffuses to the head. Sperm are
highly polarized cells. Our results indicate that a clear under-
standing of the link between [Ca

 

2

 

�

 

]

 

i

 

 and sperm motility will
only be gained by analysis of [Ca

 

2

 

�

 

]

 

i

 

 signals at the level of
the single sperm.

 

Introduction

 

Two sea urchin jelly coat sperm-activating oligopeptides,
speract (

 

Strongylocentrotus purpuratus

 

) and resact (

 

Arbacia
punctulata

 

), are thought to be responsible for sperm-egg che-
motaxis, based on the observation that sperm will swarm to a
resact-filled pipette (Ward et al., 1985; Cook et al., 1994). Che-
motactic responses are postulated to comprise alterations in
the sperm’s flagellar beat asymmetry and curvature; these al-
terations can be induced in demembranated sperm by
calcium addition (Brokaw, 1979, 1987). Moreover, resact-
induced chemotaxis is dependent on external calcium (Ward
et al., 1985). Hyperactivation of mammalian sperm is accom-
panied by oscillations in intracellular free calcium concentration
([Ca

 

2

 

�

 

]

 

i

 

)* that track the flagellar beat (Suarez et al., 1993). It
has been shown that speract induces [Ca

 

2

 

�

 

]

 

i

 

 increases in
suspensions of sea urchin sperm labeled with calcium indicator

dyes (Schackmann and Chock, 1986; Babcock et al., 1992).
There is evidence that the [Ca

 

2

 

�

 

]

 

i

 

 increase alters the pattern
of motility in 

 

A. punctulata

 

 sperm, consistent with a role in
chemotaxis (Kaupp et al., 2003). However, sea urchin sperm
are highly differentiated cells with a marked cell polarity.
The speract receptor is localized to the sperm tail (Cardullo
et al., 1994), which also contains the axoneme, the organelle
of motility. It is highly likely that signaling in the sperm tail
is central to motility regulation. Significantly, the tail represents
a very small proportion of the total sperm volume.

 

We undertook high resolution imaging of single sperm to

 

determine whether the measurements of [Ca

 

2

 

�

 

]

 

i

 

 in sperm
suspensions reflected changes in the sperm head, the sperm
tail, or a combination of the two. We found that the earlier
measurements by ourselves and others largely reflected
[Ca

 

2

 

�

 

]

 

i

 

 changes in the head (Schackmann and Chock,
1986; Babcock et al., 1992; Kaupp et al., 2003). Our spatially
resolved measurements also revealed previously undiscovered
calcium fluctuations in the sperm tail, both spontaneous
and speract-dependent. Experiments with ion channel
blockers demonstrate that the speract-induced fluctuations
are regulated by mechanisms originally uncovered from experi-
ments on sperm suspensions. Thus, speract-induced [Ca

 

2

 

�

 

]

 

i

 

fluctuations are the single cell response that underlies the char-
acteristics of the bulk [Ca

 

2

 

�

 

]

 

i

 

 responses measured in sperm
suspensions. The spontaneous [Ca

 

2

 

�

 

]

 

i

 

 fluctuations, interest-
ingly, do not share this pharmacology and are thus a second
new and independent phenomenon. Given these observations,
further insights into regulation of [Ca

 

2

 

�

 

]

 

i

 

-modulated sperm
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motility are likely to be achieved primarily at the level of
single sperm.

 

Results

 

Saturating concentrations of speract (

 

�

 

100 nM) induce an
approximately fivefold transient increase in [Ca

 

2

 

�

 

]

 

i

 

 in Fura-
2– or Fluo-3–loaded 

 

S. purpuratus

 

 sea urchin sperm bulk sus-
pensions (Cook and Babcock, 1993a,b). From these previous
studies, it was determined that [Ca

 

2

 

�

 

]

 

i

 

 elevates with a time to
half-height (t

 

1/2

 

) of 

 

�

 

0.4 s and relaxes almost to the basal
level with a t

 

1/2

 

 of 

 

�

 

25 s (Schackmann and Chock, 1986;
Babcock et al., 1992; Nishigaki et al., 2001). To study the
spatial distribution of this transient within single sperm, a
system has been developed for measuring, continuously and
at relatively high sampling frequencies (40 frames.s

 

�

 

1

 

), spa-
tially resolved [Ca

 

2

 

�

 

]

 

i

 

 changes (see Materials and methods
and Fig. 1). This approach yields data consistent with the
changes in calcium that have been measured in sperm popu-

 

lations, yet has uncovered a temporal and spatial structure to
sperm calcium signals that was not predicted and is only ap-
parent at the single-cell level.

 

Speract addition increases intracellular calcium 
in immobile sperm

 

Fluo-4 was chosen as a Ca

 

2

 

�

 

 indicator dye for the present
work because of its high quantum yield. When labeled sea
urchin sperm are attached to a poly-

 

L

 

-lysine–treated coverslip
and imaged under an inverted microscope coupled to a fast
and highly sensitive CCD camera, two main sperm popula-
tions can be distinguished: cells that are only slightly fluores-
cent (15–85% of total, median 44%, 

 

n

 

 

 

�

 

 18), and very
bright cells (Fig. 1 A). The former represent cells with low
resting calcium levels and the latter, cells with high resting
levels. There was no significant correlation between resting
calcium level and whether the cells had undergone the
acrosome reaction; assessed from 10 separate batches of
sperm, 19.3 

 

�

 

 3.5% of cells with low resting [Ca

 

2

 

�

 

]

 

i

 

 versus

Figure 1.  Typical response of a field of sperm to addition of speract to a final concentration of 125 nM. (A) Fluo-4 fluorescence immediately 
before speract addition. (B) Fluo-4 fluorescence 4 s after speract addition. Images extracted from a time series acquired at 40 frames per second 
with 25-ms individual frame exposure time. (C) Ratio increases in Fluo-4 fluorescence across whole field. Upper trace (black), response to 
addition of 125 nM speract at t � 0. Lower trace (red), fluorescence from control field with no speract addition. Both traces have been corrected 
for the effects of fluorophore bleaching. Data acquired at 40 frames per second with 25-ms individual frame exposure time.
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28.9 

 

�

 

 5.3% of cells with high resting [Ca

 

2

 

�

 

]

 

i

 

 had under-
gone the acrosome reaction (

 

�

 

 SEM, P 

 

�

 

 0.05; unpaired
two-tailed 

 

t

 

 test). Many of the cells with high resting [Ca

 

2

 

�

 

]

 

i

 

(

 

�

 

60%) are swollen, and it is likely that they are unable to
properly regulate [Ca

 

2

 

�

 

]

 

i

 

. The fluorescence from these bright
cells never varies significantly over the course of the experi-
ment, and this population does not respond to speract.

Sperm with low resting [Ca

 

2

 

�

 

]

 

i

 

 may be further divided
into speract-responsive and speract-nonresponsive subpopu-
lations, the former comprising between 40–100% (median
95%, 

 

n

 

 

 

�

 

 18) of the sperm with low levels of resting
[Ca

 

2

 

�

 

]

 

i

 

. We noted that the proportion of speract nonrespon-
sive cells in each batch of sperm increased as the sea urchin
season progressed, though we do not know whether speract
responsiveness correlated with the ability of sperm to suc-
cessfully fertilize eggs.

Fig. 1 B illustrates the same sperm field as in Fig. 1 A, 4 s
after exposure to 125 nM speract. Of the cells in Fig. 1 A
that have low resting [Ca

 

2

 

�

 

]

 

i

 

, 

 

�

 

95% respond to speract ad-
dition with an increase in [Ca

 

2

 

�

 

]

 

i

 

. Fig. 1 C shows the Fluo-4
fluorescence increase, as measured across the whole field, in
response to addition of 100 nM speract. The peak calcium
increase occurs 

 

�

 

5 s after speract addition, and persists for
upwards of 40 s. This pattern is consistent with previously
published observations (Cook et al., 1994; Nishigaki et al.,
2001) and indicates that the speract response of adherent
sperm is similar to that seen in populations of freely swim-
ming cells. Calcium increases in individual sperm heads
were quantified using Fura-2–loaded sperm. Resting levels
of [Ca

 

2

 

�

 

]

 

i

 

 were 364 

 

�

 

 36 nM, increasing to 1,176 

 

�

 

 112
nM on addition of 100 nM speract (

 

� 

 

SEM, 

 

n 

 

� 

 

21).
These values are consistent with the range of values reported
by previous studies (Schackmann and Chock, 1986; Cook
and Babcock, 1993b; González-Martinez et al., 2001).

 

Imaging of single cells reveals spontaneous calcium 
fluctuations in resting sperm

 

Around 3% of sperm in the observed field in each experi-
ment undergo spontaneous fluctuations at any given mo-
ment, and in such sperm between 1 and 5 fluctuations were
recorded over a 10-s period (median 

 

�

 

 2, 

 

n

 

 

 

�

 

 33). As noted
above, 95% of sperm with low levels of resting [Ca

 

2

 

�

 

]

 

i

 

 re-
spond to speract; their response takes the form of fluctua-
tions in the tail, with a sustained response in the head. Fig. 2
shows the kinetic characteristics of the spontaneous (A) and
the speract-induced (B) [Ca2�]i fluctuations. Spontaneous
fluctuations have a fast rise time (t1/2 � 100 � 20 ms) and a
relatively slow decay rate (t1/2 � 900 � 125 ms), and the
magnitude and kinetics of these fluctuations are different
from those induced by speract (compare Fig. 2 A with Fig. 2
B). Table I is a comparison of the t1/2 of the increase and
decay of individual speract-induced and spontaneous fluctu-
ations, and a comparison of their magnitudes. All three cri-
teria are significantly different (P � 0.001; unpaired two-
tailed t test), suggesting that the mechanisms involved in the
two types of [Ca2�]i fluctuation are distinct (though certain
ionic transporters could be shared).

The proportion of sperm undergoing spontaneous fluctua-
tions is independent of illuminating light intensity (Table II),
indicating that [Ca2�]i fluctuations are not an artifact of pho-

todamage. The spontaneous increases appear to initiate first in
the flagella, and then spread into the head, a pattern that has
been observed at every measured spontaneous fluctuation.
The spatial variations in the kinetic characteristics of the spon-
taneous and speract-induced [Ca2�]i fluctuations are similar,
and are addressed in a later section. The present paper will not
deal further with the spontaneous [Ca2�]i fluctuations.

Speract-induced calcium increases have superimposed 
tonic and phasic components
Single-cell analysis (Fig. 2 B) reveals that the speract re-
sponse consists of at least two superimposed patterns of cal-
cium increase. A sustained tonic increase occurs both in the
flagella and the head cytoplasmic region. In addition, speract
induces phasic [Ca2�]i fluctuations superimposed on the
tonic response both in the flagella and the head. The sper-
act-induced fluctuations are smaller (Table I) and more fre-
quent (between 10 and 20 in the first 10-s post-speract addi-
tion; Fig. 4) than the spontaneous fluctuations (1–5 over a
10-s period; n � 34). The [Ca2�]i fluctuations in the head
region were less pronounced relative to the tonic response
than those in the flagella, suggesting that the head may inte-
grate the flagellar changes. There are clear indications that
the flagellar responses are correlated with the head responses,
and precede them (see following section).

We have not observed any obvious correlation between
sperm undergoing spontaneous fluctuations and those that
respond to speract; sperm that have displayed spontaneous
fluctuations can respond to speract, and cells that have not
shown spontaneous fluctuations before speract addition may
subsequently respond.

Analysis of calcium fluctuations in different areas of 
sperm indicates that the initial calcium increase 
propagates from flagella to head
Fig. 3 illustrates how the speract-induced [Ca2�]i elevation
appears to initiate in the flagella and spread from there to
the head. The t1/2 of the initial [Ca2�]i elevation increases
progressively with distance from the flagella (Fig. 3 A), and
there is an �1-s interval between the attainment of peak
[Ca2�]i in the flagellum and the tip of the head (Fig. 3 B;
n � 5). Subsequent fluctuations show similar kinetic charac-
teristics, as do spontaneous calcium fluctuations (unpub-
lished data). These findings, together with those in Fig. 2,
suggest that the [Ca2�]i increase in the head results from the
summation of [Ca2�]i and/or cyclic nucleotide changes that
occur in the flagella.

Both the amplitude of the tonic increase and frequency 
of fluctuations are dose-dependent
Both the tonic increase in [Ca2�]i and the fluctuations de-
pend on the speract concentration (Fig. 4). The speract dose
dependency of the tonic calcium increases was determined
by measuring [Ca2�]i changes in the head (because they rep-
resent 85–95% of the total sperm signal; Fig. 4 A), whereas
the frequency of the phasic fluctuations was determined
from measurements on flagella (Fig. 4 B). Neither response
could be detected at concentrations lower than 10 pM. The
tonic response progressively increased up to 100 nM, and
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Figure 2. Ratio increases in [Ca2�]i from head and flagellum regions (measured in discrete regions of interest as indicated). Images acquired at 
40 frames per second with 25-ms individual frame exposure time. (A) Typical spontaneous fluctuations in [Ca2�]i observed in resting sperm. 
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the dose dependence of the tonic increase is similar to that
reported in population studies, indicating the cells display a
normal response to speract (Babcock et al., 1992; Schack-
mann and Chock, 1986). As mentioned earlier, the phasic
[Ca2�]i fluctuations reach a maximum average number of 20
in the first 10-s post-speract addition at �1 nM and above.

Both tonic and phasic fluctuations are dependent on 
extracellular calcium
The spontaneous and speract-induced [Ca2�]i increases and
fluctuations are completely dependent on extracellular Ca2�

([Ca2�]e). Fig. 5 shows how as [Ca2�]e decreases, the ampli-
tude of both the tonic response and of the fluctuations in
[Ca2�]i induced by 1 nM speract become smaller. At 500
�M [Ca2�]e, both the tonic and phasic responses are lost.
The effect of reduction of [Ca2�]e on the tonic response
agrees with previous studies performed on sperm popula-
tions (Schackmann and Chock, 1986; Cook et al., 1994),
and our results clearly indicate that Ca2� influx is a major
contributor to both the tonic and phasic responses.

Increasing extracellular K� abolishes both tonic and 
phasic fluctuations, whereas removing extracellular K� 
abolishes only the phasic component of speract-induced 
calcium fluctuations
Cells that undergo membrane potential (Em) and [Ca2�]i os-
cillations are known to possess an appropriate battery of volt-
age-dependent ion channels (Gauss et al., 1998). There is evi-
dence suggesting that sea urchin sperm posses a set of such
channels: blockers of voltage-dependent cation channels
(VDCCs) like Ni2� and dihydropyridines, and of K� chan-
nels, like TEA�, inhibit the acrosome reaction (AR), indicat-
ing that these channels are present in sperm. (Darszon et al.,
2001). We investigated whether maneuvers that alter sperm
Em influence the speract-induced fluctuations in [Ca2�]i. The
external concentration of K� ([K�]e) was varied to modify the
resting and speract-induced Em of sea urchin sperm (Babcock
et al., 1992; González-Martinez et al., 1992). Fig. 6 shows
how the magnitude of the tonic change in [Ca2�]i (A) and the
[Ca2�]i fluctuations (B) induced by 500 pM speract are af-
fected by [K�]e. When K� is removed from seawater, the
speract-induced fluctuations disappear, though the tonic re-

sponse is enhanced in magnitude (n � 35). High [K�]e is
known to eliminate all speract responses, but the increase in
cGMP (Schackmann and Chock, 1986; Harumi et al., 1992),
elevating [K�]e to 20 mM as anticipated, inhibits both tonic
and phasic speract responses (n � 68). These findings empha-
size the importance of the sperm Em in the generation of the
[Ca2�]i fluctuations as part of the speract response.

Nickel inhibits the phasic component 
of calcium increase
To initiate the study of the ion transport systems involved in
the [Ca2�]i fluctuations, we tested blockers of VDCC and
inhibitors of anion channels. Fig. 7 depicts the effect of 300
�M Ni2�, a blocker of VDCC that is more potent for
T-type Ca2� channels and also blocks a second poorly char-
acterized Ca2� channel involved in the sea urchin sperm AR
(González-Martinez et al., 2001). Ni2� at this concentration
only mildly affects the tonic response, but significantly in-
hibits the speract-induced fluctuations in [Ca2�]i (n � 28).
300 �M Cd2�, which is a better blocker of L-type VDCC,
was ineffective (unpublished data). Together, these data in-
dicate that a channel with similar properties as T-type Ca2�

channel may be involved in generating the speract-induced
[Ca2�]i fluctuations. Consistent with this idea, nimodipine,
a Ca2�-channel blocker that at 10 �M can block T-type
VDCC in mouse spermatogenic cells (Arnoult et al., 1997),
also affected the speract-induced fluctuations (unpublished
data). However, these findings do not rule out that other
Ca2�-permeable channels (e.g., the second, Ni2�-sensitive
channel involved in the AR; González-Martinez et al., 2001)
may participate in the speract-induced [Ca2�]i fluctuations.

Niflumic acid increases the amplitude and periodicity 
of phasic fluctuations
It has been reported that sperm possess anion channels and
that they may contribute to the resting Em and influence the
AR (Morales et al., 1993). Fig. 8 shows that niflumic acid
(NA), an antagonist of anion and nonselective cation chan-
nels profoundly affects the speract-induced [Ca2�]i fluctua-
tions. At a concentration of 100 �M, it significantly increases
the magnitude of [Ca2�]i fluctuations (6.2 � 0.3-fold in-
crease in flagella [Ca2�]i; n � 5, P � 0.001; unpaired two-

Images above graphs are intensity images; images below graphs are ratio images against the frame immediately before the spontaneous 
increase occurred. (B) Typical response of an individual sperm to addition of speract to a final concentration of 125 nM. Images above graphs 
are intensity images; images below are ratio images against the frame immediately before speract addition. Note the markedly higher intensity 
of the head compared with the tail and that the fold increases in head and tail are comparable.

Table I. A comparison of the kinetic characteristics of
speract-induced and spontaneous fluctuations in [Ca2�]i

Speract Control

t1/2 increase 40 � 5 ms 100 � 20 ms
t1/2 decrease 75 � 10 ms 900 � 125 ms
Magnitude 2.25 � 0.01 6.8 � 1.1

The time to reach half-height of the increase to peak, the decrease to
baseline, and the overall magnitude of the fold increase in intracellular
[Ca2+]i were measured in individual flagella. Data presented from cells
treated with 100 nM speract (n = 34) and untreated controls (n = 21), where
n represents a single speract-induced or spontaneous fluctuation.

Table II. Effect of intensity of illuminating light on the proportion 
of sperm across fields that undergo spontaneous fluctuations

ND2 � 4 ND4 ND2 Direct

Number of sperm 48 51 71 56
Total number 448 469 511 511
Proportion (%) 10.71 10.87 13.89 10.96

Cells were illuminated directly, and the proportion of cells undergoing
spontaneous fluctuations in a 12.5-s recording period was measured.
Subsequently, neutral density (ND) filters of increasing strength (ND2,
ND4, and ND2 � 4) were introduced into light path and recording was
repeated as before.
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tailed t test, in comparison with Table II) and reduces their
frequency (2.4 � 0.3 fluctuations per 10-s post-1 nM speract
addition; n � 5, P � 0.001; unpaired two-tailed t test, in
comparison with Fig. 4 B). These results suggest that anion
channel(s) are important elements of a pacemaker-type mech-
anism that may underlie the speract-induced fluctuations.

IBMX abolishes the phasic component of 
speract-induced calcium fluctuations, alters kinetics of 
tonic response, and reduces level of [Ca2�]i in flagella
Speract elevates the levels of cGMP and cAMP. These second
messengers then modulate sperm ion permeability (reviewed in
Darszon et al., 2001). To explore how the levels of these cyclic

Figure 3. Subregional analysis of [Ca2�]i increases in individual sperm. (A) After addition of 100 nM speract, the time taken for the initial 
calcium increase to reach half height (relative to the first point of increase in the flagellum) was recorded for subregions of the sperm head 
and flagellum (B); n � 5, error bars indicate � SEM. One-tailed t test (comparison to flagellum). ***, P � 0.001; **, P � 0.01; ns, P � 0.05.
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nucleotides affect the speract-induced [Ca2�]i fluctuations, we
used 3-isobutyl-1-methylxanthine (IBMX), an inhibitor of cy-
clic nucleotide phosphodiesterases (Cook and Babcock,
1993a,b). As illustrated in Fig. 9 A, 100 �M IBMX abolishes
the speract-induced [Ca2�]i fluctuations, but not the sustained
[Ca2�]i increase in the head. However, the kinetic characteris-
tics of the tonic [Ca2�]i increase are altered significantly: t1/2 of
tonic elevation in [Ca2�]i is 6.5 � 0.25 s in IBMX-treated
sperm versus 0.98 � 0.25 s in non-IBMX–treated sperm (n �
17, P � 0.001; unpaired two-tailed t test). In the flagella (Fig.
9 B), the speract-induced phasic fluctuations are abolished, and
the small tonic increase in calcium, although sustained, does
not gradually increase over time as in the head (n � 8).

Discussion
Speract-induced calcium increases in sperm 
populations result from heterogeneous responses 
at the level of single sperm
The aggregate calcium signal that we record in a population
of adherent sperm in response to speract corresponds very
closely in time course, magnitude, and dose-response proper-
ties to the population calcium response previously measured
in sperm suspensions (Babcock et al., 1992; Schackman and
Chock, 1986). However, analysis of the calcium response at
the single-cell level shows a degree of heterogeneity unsus-
pected from measurements in sperm populations. One sperm

subpopulation consists of sperm with unvarying, high levels
of calcium. These may represent sperm that loose their capac-
ity to regulate [Ca2�]i, perhaps through interaction with the
polylysine-treated glass coverslip; however, it is of course un-
known whether this subpopulation is also present in the
sperm suspensions studied previously; with current imaging
methods, it is not possible to track calcium dye signals in
free-swimming sperm. The second major subpopulation con-
sists of sperm with low resting levels of calcium. The majority
of these cells respond to speract, though we noted that the
proportion of cells responding declined as the breeding sea-
son progressed. It was also noteworthy that the level of re-
sponsiveness of the responders was relatively uniform, allow-
ing this population with low resting calcium concentrations
to be readily classified into responders and nonresponders.
Again, this information has been unavailable in previous
studies. The most striking heterogeneity we observed was in
the spatiotemporal pattern of the calcium response to speract
in single sperm. We also observed spontaneous calcium in-
creases with equivalent spatiotemporal heterogeneity.

Calcium increases occur first in the sperm tail, 
then in the head
Close inspection of both spontaneous and speract-induced
calcium increases showed that an interval of �1 s elapsed be-
tween the calcium increase in the tail and that at the tip of the
head; the increase in the flagella was synchronous at the 25-ms

Figure 4. The magnitude of the tonic calcium 
increase and the frequency of the phasic calcium 
fluctuations are dependent on the concentration 
of speract. (A) For each sperm head, the ratio 
increase in [Ca2�]i was determined from the 
maximum fluorescence intensity post-speract 
addition (Fmax) and the initial fluorescence intensity 
value (F0). Fmax/F0 is presented as the average of all 
sperm heads analyzed (total number of sperm heads 
at each speract concentration shown in brackets). 
Error bars indicate � SEM. At concentrations of 
speract above and including 100 pM, only those 
sperm heads that showed a response to speract 
were analyzed. At concentrations of speract below 
and including 10 pM, and in control analyses, 
sperm heads were chosen at random. (B) Changes 
in [Ca2�]i were determined for individual flagella 
by ratioing their fluorescence (F) against their initial 
fluorescence (F0). The number of fluctuations 
occurring after speract addition was determined 
by including all excursions whose increase from 
trough to peak was �20% of the trough value. 
Data are presented as the average number of 
fluctuations occurring in 10 s post-speract addition 
per flagellum. Number of flagella analyzed 
indicated in brackets. Error bars represent � SEM.
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time resolution of our experiments. Analysis of the calcium
increase in response to speract in head and tail revealed that
the response comprised two elements: a tonic response on
which was superimposed phasic fluctuations. In the tail, the
phasic component predominated, whereas in the head, the
tonic component was much more marked, with phasic fluctu-
ations superimposed on a monotonically increasing compo-
nent that rose to a plateau. As speract concentrations were in-
creased, the phasic component showed an increased frequency
(measured in the tail), whereas the tonic component showed
an increased magnitude (measured in the head), both over the
range of speract concentrations known to modulate the cal-
cium response from experiments in sperm suspensions.

It occurred to us that a simple explanation that might ac-
count for these results was that a signal originated periodi-
cally in the tail in response to speract and diffused to the
head, where it was summed or integrated. This simple hy-
pothesis is supported by quantitative modeling (Fig. 10),
though by itself this by no means constitutes proof.

Another major difference between head and tail calcium sig-
nals was their relative contribution to the whole-sperm calcium
signal. The majority of the calcium reporter dye signal
(�85%) is localized to the head. Thus, irrespective of whether
a single wavelength or ratio calcium dye is used, the calcium

concentration in the head contributes disproportionately to the
whole-sperm calcium signal. Therefore, calcium measurements
in sperm suspensions largely report calcium in the head.

Ionic basis of the tonic and phasic responses
Both tonic and phasic components of the calcium response
to speract were reduced proportionately by reduction of ex-
tracellular calcium, disappearing at �0.5 mM [Ca2�]e, con-
sistent with previous work in suspensions (Schackmann and
Chock, 1986). This result demonstrates that the phasic re-
sponses in the tail and the tonic response in the head both
require calcium influx. High potassium sea water abolished
the speract response completely, as has been reported previ-
ously (Lee and Garbers, 1986; Schackmann and Chock,
1986; Babcock et al., 1992); under these conditions, the
only intracellular response to speract is an increase in cGMP
(Harumi et al., 1992).

The calcium channel blocker Ni2� abolishes the phasic re-
sponse to speract, but not the tonic response. The anion
channel blocker niflumic acid markedly enhances the phasic
responses in both head and tail and reduces their frequency.

These observations suggest a mechanism in which the
phasic tail responses are sensitive to membrane potential and
ion fluxes. A simple hypothesis consistent with these finding

Figure 5. Speract-induced increases in 
[Ca2�]i are dependent on [Ca2�]e in a 
dose-dependent manner. (A) For each 
sperm head, the ratio increase in [Ca2�]i 
was determined from the maximum 
fluorescence intensity after addition of 
speract to a final concentration of 1 nM 
(Fmax) and the initial fluorescence intensity 
value (F0). Fmax/F0 is presented as the 
average of all sperm heads analyzed 
(total number of sperm heads at each 
[Ca2�]e shown in brackets). Error bars 
represent � SEM. (B) Typical responses 
in individual sperm heads at different 
[Ca2�]e. F/F0 shown over time after 
addition of speract to a final concentration 
of 1 nM (indicated by arrow) and data 
represented as a five-point rolling average. 
Images acquired at 10 frames per second 
with 100-ms individual frame exposure 
time. One-tailed t test (comparison to 
prior [Ca2�]e) **, P � 0.01; *, P � 0.05.
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is that the fluctuating calcium responses in the tail are driven
or terminated by membrane potential changes, and that a
component of this mechanism is driven by calcium influx

through a Ni2�-sensitive voltage-gated calcium channel in
the tail, but essentially absent in the head because the tonic
response in the head is unaffected by Ni2�. The enhance-

Figure 6. The degree and characteristics 
of speract-induced increases in [Ca2�]i 
are altered by both increasing and 
decreasing [K�]e. (A) For each sperm 
head, the ratio increase in [Ca2�]i 
was determined from the maximum 
fluorescence intensity after addition of 
speract to a final concentration of 500 pM 
(Fmax) and the initial fluorescence intensity 
value (F0). Fmax/F0 is presented as the 
average of all sperm heads analyzed (total 
number of sperm heads at each
[K�]e shown in brackets). Error bars
represent � SEM. (B) Typical responses
in individual sperm heads at different 
[K�]e. F/F0 shown over time after
addition of speract to a final
concentration of 500 pM (indicated by 
arrow). Images acquired at 10 frames per 
second with 100-ms individual frame 
exposure time. One-tailed t test
(comparison to 10 mM data)
***, P � 0.001; *, P � 0.05.

Figure 7. Representative examples of 
the effect of Ni2� treatment on speract-
induced [Ca2�]

i
 increases in individual 

sperm heads. Blue traces from sperm 
treated with 300 �M Ni2� before addition 
of 500 pM speract (indicated by arrow); 
red trace from untreated sperm. Changes 
in [Ca2�]i were determined for individual 
heads by ratioing their fluorescence (F) 
against their initial fluorescence (F0). 
Images acquired at 10 frames per second 
with 100-ms individual frame exposure 
time.
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ment of the fluctuations after treatment with niflumic acid
suggests that the membrane potential changes can be modu-
lated by inhibition of anion channels.

Role of cyclic nucleotides
It is generally accepted that the first response to speract in
sperm is the generation of cGMP, through activation by the

Figure 8. Representative example of 
the effect of niflumic acid treatment on 
speract-induced [Ca2�]i increases in 
individual sperm. Sperm treated with 
100 �M niflumic acid before addition 
of 1 nM speract (indicated by arrow). 
Changes in [Ca2�]i were determined 
for heads and flagella by ratioing their 
fluorescence (F) against their initial 
fluorescence (F0).

Figure 9. Representative examples of 
the effect of IBMX treatment on speract-
induced [Ca2�]i increases in individual 
sperm. (A) Effect of IBMX treatment on 
Ca2� increase in sperm heads. Images 
acquired at 10 frames per second with 
100-ms individual frame exposure time. 
(B) Effect of IBMX treatment on [Ca2�]i 
increase in sperm flagella. Images 
acquired at 40 frames per second with 
25-ms individual frame exposure time. 
In both A and B, blue traces from sperm 
treated with 100 �M IBMX before addition 
of 500 pM speract (indicated by arrow); 
red trace from non-IBMX–treated sperm. 
Changes in [Ca2�]i were determined for 
heads and flagella by pseudo-ratioing 
their fluorescence (F) against their initial 
fluorescence (F0).
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Figure 10. Quantitative modeling of 
calcium changes in the head of individual 
sperm undergoing speract-induced and 
spontaneous increases in [Ca2�]i. For 
details of the model, see Materials and 
methods. (A) Typical increase in [Ca2�]i 
of sperm treated with 100 nM speract 
(indicated by arrow) with increases in 
both head and tail. The increase in the 
head can be modeled by diffusion from 
the tail through a bottleneck with an 
apparent rate constant of 2 s�1. (B) Typical 
increase in [Ca2�]i of sperm undergoing 
spontaneous fluctuation, with the increase 
in the head modeled using the same rate 
constant. Modeling suggests that extrusion 
or destruction of the diffusing signal is 
not significant on these timescales. 
(C) Schematic diagram showing proposed 
model of speract-induced Ca2� entry 
into the heads of sea urchin sperm. 
Activation of the speract receptor 
localized to the flagellum results in 
up-regulation of the activity of adenylate 
cyclase, also predominantly localized to 
the flagellum, via increases in pH, [Ca2�]i 
and/or changes in Em. cAMP then 
diffuses into the head, opening the cAMP-
dependent Ca2� channels localized there. 
Calcium efflux pathways are also shown.
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speract receptor of a guanylate cyclase localized to the tail.
Changes in pHi and Em then activate an adenylate cyclase
(Beltran et al., 1996), mainly found in the flagella (Toowicha-
ranont and Shapiro, 1988), that has been postulated to open
cAMP-activated Ca2� channels (Cook and Babcock, 1993b).
We treated sperm with IBMX, a phosphodiesterase inhibitor
that in sea urchin sperm prevents the hydrolysis of cGMP and
cAMP (Cook and Babcock, 1993a). We found that the phasic
response was abolished completely in the tail and replaced by a
small, sustained Ca2� increase, whereas in the head Ca2� rose
around six times more slowly than in controls, but to levels
comparable or greater than the control maximum. These re-
sults suggest that the cAMP-gated Ca2� influx mechanism is
more prominent in the head than in the tail. It is interesting to
note that in A. punctulata sperm suspensions, the kinetics of
the Ca2� response are much more rapid after uncaging caged
cGMP than after uncaging caged cAMP (Kaupp et al., 2003).

A model for the spatial regulation of the Ca2� response 
in single sperm
Our analysis of Ca2� signaling patterns in response to sper-
act in single sperm suggest four main hypotheses. The first is
that Em changes in the tail are linked to the predominantly
tail-localized Ca2� fluctuations. The second is that the volt-
age-dependent calcium channels that drive the fluctuations
are located in the tail, as the tail fluctuations can be blocked
by inhibitors of certain voltage-activated Ca2� channels
(Ni2�, and to a lesser degree nimodipine), whereas the tonic
increases in the head, though dependent on Ca2� influx, are
unaffected. The third is that the activation of the calcium
pathway invariably spreads from tail to head, suggesting that
the early components of the response that drive the fluctua-
tions are restricted to the tail. The fourth is that preventing
the hydrolysis of cGMP and cAMP lead to loss of tail fluctu-
ations and a much slower tonic rise in calcium in the head.

These hypotheses suggest a model in which the cGMP-
induced membrane potential changes generate tail calcium
fluctuations and drive the production of cAMP, which then
diffuses from the tail into the head. The model is supported
by the observation that in high K� sea water, which allows
only the initial cGMP increase but prevents changes in both
membrane potential and cAMP (see model in Cook and
Babcock, 1993b), speract addition fails to generate a calcium
increase in the tail, let alone the head.

The importance of the fluctuations in driving the head
calcium response is underlined by the consequences of treat-
ment with IBMX. Though levels of both cGMP and cAMP
are enhanced (Cook and Babcock, 1993b; Beltrán et al.,
1996), the calcium response (and so presumably the cAMP
response) is very substantially slowed.

It is interesting to consider the mechanism by which the
head might integrate the speract response. One obvious possi-
bility is that calcium increases in the tail diffuse slowly into the
head region. This seems to us unlikely on two grounds. The
first is that the calcium concentrations in head and tail seem
comparable, not differing by the 10-fold or more that would
be necessary to fit a calcium diffusion model. The second is
that we have detected no gradient of calcium concentration in
the tail. Because the tail is long and thin and has a much
smaller volume than the head, it is difficult to see how sub-

stantial diffusion of calcium from tail to head could occur
without the appearance of a gradient in the tail. A more at-
tractive explanation is that the diffusing vector is cAMP, gen-
erated as pulses in the tail in synchrony with the calcium
fluctuations. cAMP then gates cAMP-dependent calcium
channels preferentially located in the head. Why does the
head integrate the tail-derived signals? Our model suggests
that it is because there is a diffusion bottleneck at the point
that the tail joins the head. Other explanations are possible:
for example, the calcium extrusion mechanisms may have a
lower capacity in the head than in the tail, or phosphodi-
esterase activity may be lower in the head than the tail. Be-
cause calcium decreases faster during oscillations in the tail
than in the head, we favor the former as more reasonable; the
surface/volume ratio of the head is far higher than the tail, so
that the condition would apply even at constant extrusion ac-
tivity per membrane surface area. In fact, it is possible that in-
trinsic extrusion rates are higher in the tail than the head, for
although the sperm Ca2�-ATPase (Garcia-Soto et al., 1988)
localization is unknown, it has been shown that a potassium-
dependent Na�/Ca2� exchanger (suNCKXT) is localized to
the tail and mitochondrial region and is absent in the head
(Su and Vacquier, 2002). Moreover, modulating Na�/Ca2�

exchanger activity alters the kinetics of the speract response in
cell populations (Rodriguez and Darszon, 2003). The latter
explanation is also possible, as our simple model shows that
there little loss of the diffusing substance in the head itself; de-
creases in the head are modeled by diffusion back into the tail
through the bottleneck, rather than by degradation in the
head. A model for the spatial localization of the elements of
the speract response mechanism is shown as Fig. 10 C.

Speract and motility
It remains to be shown that speract acts in sperm-egg chemo-
taxis like its analogue resact (Ward et al., 1985; Kaupp et al.,
2003). Nonetheless, there is evidence that speract can modu-
late sperm motility (Cook et al., 1994). Modulation of
sperm swimming behavior is thought to occur at the level of
the axoneme, and indeed, calcium is known to modulate the
beat characteristics of sea urchin sperm (Brokaw, 1987; Cos-
son, 1996). The generally unspoken assumption in experi-
ments in which calcium is measured in sperm populations is
that speract-induced calcium increases are occurring in the
tail, in contrast to those involved in the acrosome reaction
that take place in the head (Cook et al., 1994; Darszon et al.,
2001). It is now clear that the calcium signal measured in ex-
periments with sperm populations is predominantly from
the head. It seems very likely that the phasic tail responses
that we have uncovered will play a vital role in modulating
sperm swimming behavior in response to speract.

Materials and methods
Gamete handling
Sperm were obtained “dry” from S. purpuratus (Marinus, Inc.) by intercole-
omic injection of 0.5 M KCl and stored on ice.

Materials
Artificial seawater (ASW) contained (mM): 430 NaCl, 10 KCl, 10 CaCl2, 23
MgCl2, 25 MgSO4, 2 NaHCO3, and 1 EDTA (pH 8.0, 950–1000 mosM).
Low Ca2� ASW (pH 7.0) was as ASW but at pH 7.0 and with 1 mM CaCl2,
and Ca2�-free ASW was ASW with no added CaCl2. K�-free ASW was pre-
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pared as ASW but omitting KCl, and high K� ASW was prepared as ASW
but with 20 mM KCl. Fura-2 AM, Fluo-4 AM, and pluronic F-127 were
from Molecular Probes, Inc. IBMX, ionomycin, NiCl2, niflumic acid, and
poly-D-lysine were from Sigma-Aldrich. Speract was synthesized in Dr.
Possani’s laboratory as described previously (Nishigaki et al., 2001).

Loading of fluorescent indicators (AM esters) into sperm
Dry sperm were suspended in 10 volumes of low Ca2� ASW (pH 7.0) con-
taining 0.5% wt/vol pluronic F-127 and 20 �M of either Fura-2 AM or
Fluo-4 AM and incubated for 2–3 h at 16	C. Loaded sperm were then di-
luted with 10 volumes low Ca2� ASW (pH 7.0), centrifuged for 10 min at
1,000 g and 4	C, and resuspended in the original volume of low Ca2�

ASW (pH 7.0). Sperm were stored in the dark and on ice until use.

Single-cell imaging
Imaging chambers were prepared by coating coverslips with 50 �g/ml
poly-D-lysine, shaking off excess, and allowing to air-dry. Coated cover-
slips were then attached to Perspex rings with high vacuum silicon grease
to form watertight chambers. Labeled sperm were diluted 1:20 to 1:40 in
ASW, immediately placed into the chambers, and left for 1–3 min, after
which unattached sperm were removed by washing with ASW. The cham-
bers were then filled with 1 ml of the appropriate medium (if not ASW, 3 

1-ml washes were performed with appropriate medium). Chambers were
then mounted on a microscope (Diaphot 300; Nikon) with a 40
 fluor ob-
jective, and fluorescence changes were recorded on a camera (Coolsnap-
FX; Photometrics) used in continuous (stream) acquisition mode.

Image processing
Images were processed offline using MetaMorph® (Universal Imaging). Roll-
ing background subtraction was performed using a region of interest placed
as close as possible to the sperm of interest. Any incompletely adhered
sperm that moved during the course of any experiment were discounted.
Fluorescence measurements in individual sperm were made by manually
drawing a region of interest around the head or a section of flagella for each
sperm. Measurements were taken from head or flagella regions as indicated
in the figure legends. All measurements of speract-induced or spontaneous
fluctuations were taken from flagella. A fluctuation was defined as an excur-
sion whose increase from trough to peak was �20% of the trough value.

Determination of [Ca2�]i

The majority of data presented were obtained using Fluo-4–loaded sperm.
These are presented as pseudoratios as indicated on the individual figures.
[Ca2�]i was determined from Fura-2 measurements according to the follow-
ing formula: [Ca2�]i � Kd(R � Rmin)/(Rmax – R)(Fb380/Ff380). The ratiometric
340/380 value Rmax and Fb380 (fluorescence at 380 excitation) were ob-
tained when calcium-saturated by the addition of 2 �M ionomycin in ASW.
Rmin and Ff380 were obtained after addition of 2 �M ionomycin in Ca2�-free
ASW supplemented with 10 mM EGTA. Kd � 774 nM (Poenie et al., 1985).

Modeling of [Ca2�]i increases in sperm heads
It was assumed that calcium changes in the head were driven by diffusion
of a substance down a concentration gradient from tail to head and that a
second process removed the substance from the head by extrusion or me-
tabolism. An approximate model of these processes is provided by the dif-
ferential equation: dy/dt � k1 � (u � y) – k2 � y, where y is the concentration
of a substance in the head and u is the concentration of the same sub-
stance in the tail. k1 and k2 are rate constants. This differential equation
was solved using a Runge-Kutta approach.
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