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Voltage-dependent modulation of T-type calcium
channels by protein tyrosine phosphorylation

suppressed by Go (reviewed by Hille, 1994). SimilarChristophe Arnoult1, José R.Lemos2 and
mechanisms can regulate other high voltage-activatedHarvey M.Florman3

Ca21 channels (Mintz and Bean, 1993; Hille, 1994).
Department of Anatomy and Cellular Biology, Tufts University School The understanding of protein kinase-mediated channel
of Medicine, Boston, MA 02111 and2Worcester Foundation for regulation has progressed by the assignment of specific
Biomedical Research, Shrewsbury, MA 01545, USA phosphorylation sites on recombinant channel subunits
1Present address: Laboratoire de Biophysique Moleculaire et with selective aspects of modulation. In contrast, relatively
Cellulaire, DBMS, 17 rue des Martyrs, 38054 Genoble cedex 9, little is known about the mechanism of voltage-dependent
France modulation. The potentiation, or facilitation, of Ca21

3Corresponding author currents by frequent or strong depolarizations was first
described in chromaffin cells (Fenwicket al., 1982) and

A T-type Ca21 channel is expressed during differenti- subsequently found in cardiac myocytes, neurons and a
ation of the male germ lineage in the mouse and is number of other cellular systems (reviewed by Dolphin,
retained in sperm, where is it activated by contact with 1996). Ca21 channel facilitation increases catecholamine
the the egg’s extracellular matrix and controls sperm secretion during stress (Artalejoet al., 1994), increases
acrosomal exocytosis. Here, we examine the regulation muscle contractile force (Sculptoreanuet al., 1993b) and
of this Ca21 channel in dissociated spermatogenic cells generally is believed to either maintain or enhance Ca21

signals. Several mechanisms have been proposed to explainfrom the mouse using the whole-cell patch–clamp
voltage-dependent facilitation, including a voltage-technique. T currents were enhanced, or facilitated,
dependent alteration of channel protein conformation,after strong depolarizations or high frequency stimula-
with the resultant exposure of new phosphorylation sitestion. Voltage-dependent facilitation increased the Ca21

(Artalejo et al., 1992; Sculptoreanuet al., 1993a,b; Bouri-current by an average of 50%. The same facilitation
net et al., 1994), the relief of a G protein-mediatedis produced by antagonists of protein tyrosine kinase
inhibition of channel function (Grassi and Lux, 1989;activity. Conversely, antagonists of tyrosine phosphat-
Rocheet al., 1995) or an alteration in the voltage depend-ase activity block voltage-dependent facilitation of the
ence of gating (Feldmeyeret al., 1992). These studiescurrent. These data are consistent with the presence
focused on the high voltage-activated L- and N-type Ca21of a two-state model, in which T channels are main-
currents, whereas relatively little is known about thetained in a low (or zero) conductance state by tonic
voltage-dependent facilitation of T-type channels (Alvareztyrosine phosphorylation and can be activated to a
et al., 1996; Ganitkevich and Isenberg, 1996).high conductance state by a tyrosine phosphatase

A functional low voltage-activated, T-type Ca21 channelactivity. The positive and negative modulation of this
is expressed during the meiotic and post-meiotic stageschannel by the tyrosine phosphorylation state provides
of mammalian spermatogenesis (Hagiwara and Kawa,a plausible mechanism for the control of sperm activity
1984; Arnoultet al., 1996; Lievanoet al., 1996). Recently,during the early stages of mammalian fertilization.
we have shown that this channel is retained in matureKeywords: fertilization/sperm/T-type calcium channel/
mouse sperm and is activated during fertilization bytyrosine kinase/tyrosine phosphatase
sperm contact with the egg’s extracellular matrix, or zona
pellucida (Arnoultet al., 1996). Ca21 influx through the
sperm T channel is required for the acrosome reaction, an

Introduction exocytotic event that must be completed prior to sperm–
egg fusion.Calcium influx through voltage-sensitive channels controls

T channel regulation can be observed readily in mousea variety of cellular processes, including secretion and
spermatogenic cells, which lack detectable levels of othermuscular contraction. Current flow through these channels
voltage-sensitive Ca21 currents (Hagiwara and Kawa,is regulated primarily by membrane potential, but is also
1984; Arnoultet al., 1996; Lievanoet al., 1996). Here,subject to facilitatory and inhibitory modulation that
we report the voltage-dependent facilitation of the sperm-determine the resulting intracellular Ca21 signal. Modula-
atogenic cell T current. Pharmacological and biophysicaltion has been attributed to alterations in the phosphoryla- analyses suggest that a protein tyrosine kinase activity istion state of channel subunit proteins (Sculptoreanuet al., required for inhibitory modulation of these channels,

1993b), to the direct interaction of G protein subunits whereas a tyrosine phosphatase activity reverses this effect
with ion channel constituents (Bean, 1989; Hille, 1994) during strong or high frequency depolarizations.
and to voltage-dependent processes (Artalejoet al., 1991).
The mechanisms of modulation have been examined

Resultsprimarily in high voltage-activated Ca21 channels. For
example, L-type currents are positively modulated by Mouse spermatogenic cell Ca21 currents were recorded

from dissociated cells using the whole-cell configurationprotein kinases A and C, as well as by Gs, and are
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characteristics: (i) a voltage threshold of –30 mV and a
maximal response following depolarizations to160 mV
(Figure 2B); (ii) a temporal threshold of 5 ms producing
a maximal effect following prepulses of 100 ms duration
(Figure 2C); and (iii) a transitory effect, as a prepulse–
test pulse interval of 0.5–1 s produced a maximal response
and facilitation decreased as this interval was lengthened
(loss of facilitation,t1/2 ~4.8 s; Figure 2D). The degree of
facilitation also decreased as the prepulse–test pulse inter-
val was shortened, most likely due to incomplete recovery
of T channels from inactivation during the prepulse.
Optimal facilitation occurs when cells that are held at

Fig. 1. The voltage-dependent facilitation of the mouse spermatogenic –90 mV are subjected to a 100 ms prepulse to160 mV,
cell T current. Currents are obtained from a round spermatid stage returned to holding potential for 500 ms, and then subjected
spermatogenic cell in a bath solution that contained elevated (10 mM) to test depolarizations.Ca21. Similar results are obtained from meiotic (spermatocyte) and

The extent of facilitation was also reciprocallypost-meiotic (spermatid) stages of germ cell differentiation. (A) The
superimposed traces illustrating the basal current that is evoked by dependent upon the basal current density. Spermatogenic
depolarization from a holding potential of –90 mV to a test potential cells were subjected to the optimal facilitation protocol
of –20 mV at a frequency of 0.1 Hz. (B) Facilitated current is described above. Cells with a basal current density of
obtained by subjecting the cell to a depolarizing prepulse from holding

2–5.5 mA/cm2 exhibit a large facilitation (1666 43%potential (–90 mV) to160 mV for 100 ms, repolarizing to the holding
of basal current,n 5 27). In contrast, cells with apotential for 500 ms, and then applying a test depolarization to

–20 mV. Current traces represent basal T current as well as the larger basal current density of 6–10 mA/cm2 exhibit a
facilitated current during the final test depolarization to –20 mV. much lower increase (1086 9% of initial current,
(C) Basal (solid line) and facilitated currents (dotted line) from (B) are n 5 12). The mean degree of facilitation was 1486normalized to the same peak current amplitude. Note that there is no

45% increase (n 5 39) and regression analysis of thesesignificant difference in the activation or inactivation kinetics.
pooled data indicate a maximal current of 9.2 mA/cm2.

Role of protein phosphorylation in the voltage-of the patch–clamp. The biophysical and pharmacological
characteristics of this current indicate that it is mediated dependent facilitation of T-type calcium current

As shown in Figure 2D, the potentiation of spermatogenicby T-type Ca21 channels (Arnoultet al., 1996). This T
current is present during meiotic and post-meiotic stages cell T currents by a facilitating prepulse decays slowly.

Sustained facilitation was also reported for the L-typeof spermatogenesis, as are the regulatory processes
described in these experiments. channels of chromaffin cells (Artalejoet al., 1992) and

skeletal muscle (Sculptoreanuet al., 1993a,b), where the
operation of a voltage-dependent protein kinase has beenVoltage-dependent facilitation of the T-type Ca21

current proposed. We therefore determined the role of the protein
phosphorylation state in T channel facilitation using modu-Maximal inwardTcurrent (‘basal’ current) isobtainedwhen

cells are depolarized from a holding potential of –90 mV to lators of protein kinase and phosphatase activities.
Figure 3 illustrates the effects of tyrphostins A47 anda test potential of –20 mV. Current amplitude is not affected

by successive depolarizing steps to this potential at a fre- A25, specific membrane-permeant inhibitors of protein
tyrosine kinases, on the spermatogenic cell T current. Thequency of,0.1 Hz (Figure 1A), but is enhanced by increas-

ing the stimulation rate above 0.2 Hz (data not shown) values of the basal and facilitated currents obtained after
a depolarizing prepulse were relatively stable duringor by providing a depolarizing prepulse to more positive

membrane potential before the test depolarization (Figure sequential recording at a frequency of 0.1 Hz (Figure
3B–D). However, addition of A47 or A25 enhanced the1B). The additional current recruited by such prepulses

is referred to as ‘facilitated’ current. Voltage-dependent initial current amplitude to a level equal to that of the
prepulse-facilitated current in the absence of tyrphostin.facilitation does not alter significantly the activation and

inactivation kinetics of the current. This is demonstrated This enhancement of basal currents occurs in the absence of
any associated alterations in the activation and inactivationin Figure 1C, where basal and facilitated current traces

superimpose after normalization to the same peak ampli- kinetics, thus producing a larger net conductance. This
effect was produced by 2–50µM tyrphostin A47, althoughtude. The activation and inactivation time constants, as

determined on 20 cells, are 3.66 1.2 and 16.86 3.6 ms higher concentrations acted more rapidly (t1/2 at 2 and
10 µM of ~2.5 min and,0.5 min, respectively). Theserespectively, for basal current, while comparable values for

the facilitated current are 3.46 1.2 and 14.86 2.7 ms, effects are readily reversible when tyrphostin A47 or A25
are removed by perfusion (Figure 3D). In contrast, norespectively (mean6 SD). Similar results were obtained

when Ba21 replaced Ca21 as a charge carrier (data not effects on T currents were observed when spermatogenic
cells were treated with tyrphostin A1 (Figure 3D), whichshown). These kinetic data suggest that faciltation reflects

the regulation of a single population, rather than the activa- is not a potent inhibitor of protein tyrosine kinase activity,
or with AG1478 (data not shown), which is a highlytion of a different class of channels.

The voltage and time dependence of the facilitating selective antagonist of the epidermal growth factor receptor
tyrosine kinase (Levitzki and Gazit, 1995).prepulse were determined (Figure 2A). When cells are

depolarized from a holding potential of –90 mV, the Several additional features of the tyrphostin-dependent
enhancement of Ca21 current are notable. (i) The increaseprepulse necessary for facilitation has the following
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Fig. 2. Biophysical characterization of the voltage-dependent facilitation of mouse spermatogenic cell T channels. (A) Voltage protocols illustrate the
relationship between prepulse and test pulse. The prepulse voltage (v) and duration (d), as well as the prepulse–test pulse interval (i), are varied
systematically in subsequent panels. Voltage protocols are delivered at 15 s intervals. Time and current scaling factors for subsequent panels are also
shown. (B) The relative magnitude of facilitation is determined by the size of the prepulse potential. Selective traces illustrate the Ca21 current
produced during test depolarizations to –20 mV following prepulses to the indicated membrane potentials (v). In these experiments,d 5 100 ms and
i 5 500 ms. The normalized degree of facilitation following prepulses to membrane potentialv is determined by subtracting the basal current and
then expressing the ratio of the enhanced current [IF(v)] to the maximal facilitated current (IF(MAX)). No facilitation is noted for prepulses from a
holding potential of –90 mV to a membrane potential of less than –30 mV, and maximal facilitation occurred following a prepulse of160 mV. Data
representing the mean current from 1–3 cells are presented below the traces. (C) The magnitude of facilitation is determined by the duration of the
depolarizing prepulse. Selective current traces illustrate the effect of prepulse duration (d) on test facilitated current amplitude and data are
summarized below these traces. Cells are depolarized from a holding potential of –90 mV to a prepulse potential of160 mV for the indicated
durations, returning to holding potential for 500 ms, and then depolarizing to a –20 mV test potential for 100 ms. Basal current is determined by
depolarizing cells from the holding potential for 100 ms. Data is expressed as the ratio of the facilitated current (IF) to the basal current (IB), with
each point representing the mean of observations on one to four cells. (D) The magnitude of facilitation is determined by the interval between the
depolarizing prepulse and the test potential. Selective current traces illustrate the effect of prepulse–test pulse interval (i) on the facilitated current
amplitude, and data are summarized below these traces. Facilitated current is determined by depolarizing cells from the holding potential (–90 mV)
to a prepulse potential of160 mV for 100 ms, by returning the membrane potential to the holding potential for the indicated intervals and by
applying a test depolarization to –20 mV for 100 ms. Basal currents were determined by depolarization from holding potentials of –20 mV for
100 ms. Data are expressed as the ratio of the facilitated current (IF) to the basal current (IB), with each point representing the mean of observations
on one to three cells. Note that T currents are reduced for brief prepulse–test pulse intervals due to incomplete recovery from steady-state
inactivation.

in current produced by tyrphostin A47 and A25 is equal to, However, the loss of facilitated current is always more
rapid, and within 100–200 s there is no longer additionalbut never exceeds that produced by a strong depolarizing

prepulse. (ii) The amplitude of the prepulse-facilitated Ca21 current as a result of a depolarizing prepulse (Figure
4, point ‘2’).current obtained after a depolarizing prepulse is not

increased by tyrphostins A47 or A25 (Figure 3). (iii) Tyr- Similar results were obtained when 1 mM Na1-ortho-
vanadate is added to the pipet solution. This compoundphostins A47 and A25 had no stimulatory effect on those

cells with large basal currents, in which depolarizing is a membrane-impermeant inhibitor of a wide range of
phosphatases, including protein tyrosine phosphatases.prepulses also failed to produce any enhancement.

These observations suggest a role for protein tyrosine The additional current produced by a facilitating prepulse
is reduced by 50% during 600 s of recording in thekinase activity in the control of T channel activity. In

order to explore this regulatory role further, we examined presence of Na1-orthovanadate, whereas only a 15%
reduction was observed in parallel experiments in thethe effects of tyrosine phosphatase modulators on Ca21

currents. As shown in Figure 4, current amplitude was absence of this antagonist (n 5 5). The requirement for
intracellular diffusion of Na1-orthovanadate from the pipetrelatively stable during repetitive depolarization at low

frequency (,0.1 Hz) and voltage-dependent facilitation to its site of action most likely contributes to its relatively
slow time course and low potency. These data support thewas observed following a depolarizing prepulse (point ‘1’).

When 10µM phenylarsine oxide, a specific and mem- hypothesis that the spermatogenic cell T current is regu-
lated by its tyrosine phosphorylation state.brane-permeant protein tyrosine phosphatase inhibitor, was

added to the external solution, there was a marked decline In contrast, modulators of serine/threonine phosphoryl-
ation, such as H-7 and H-9, do not increase the basalin the amplitude of both the basal current and the facilitated

current produced by a depolarizing prepulse (Figure 4). Ca21 currents (200 mM;n 5 9 for each). Furthermore,

1595



C.Arnoult, J.R.Lemos and H.M.Florman

Fig. 4. Time course of the effects of the protein tyrosine phosphatase
inhibitor, phenylarsine oxide, on the voltage-dependent facilitation of
the mouse spermatogenic cell T current. Recordings were obtained
from cells in the pachytene spermatocyte stage and are representative
of the responses of meiotic (spermatocyte) and post-meiotic
(spermatid) stages of differentiation. The voltage protocols used to
evoke basal (j) and facilitated currents (u) are identical to those
illustrated in Figure 3A. The peak current amplitude was obtained
before and after introduction of 10µM phenylarsine oxide by bath
perfusion (black bar). Note that phenylarsine oxide inhibits both the
basal and facilitated current amplitudes, yet the rate of inhibition of
the facilitated current is greater. Insets: current traces obtained before
the addition of phenylarsine oxide (‘point 1’) and in the presence of
inhibitor (‘point 2’) are shown. The current and time scales for both
traces are 25 pA and 12.5 ms.

H-7 does not affect the relative amplitude of the facilitated
current obtained following depolarizing prepulses (data
not shown). Okadaic acid (1µM), an inhibitor of the
protein phosphatase 2A, has no effect on the amplitude
of the basal or the facilitated currents (data not shown).
Finally, neither the basal nor the facilitated Ca21 currents

Fig. 3. The effects of protein tyrosine kinase inhibitors on the voltage- of spermatogenic cell are affected by the addition of
dependent facilitation of the mouse spermatogenic cell T-type Ca21

500 µM guanine nucleotides (GDP, GTP) or of theircurrent. Recordings were obtained from cells in the round spermatid
thiophosphate derivatives (GDPβS, GTPγS) to the pipetstage of spermatogenesis and are representative of the responses of

meiotic (spermatocyte) and post-meiotic (spermatid) stages of solution (data not shown).
differentiation. (A) Voltage protocol for evoking basal (j) and
facilitated (u) currents . The facilitated current is produced by a
100 ms depolarizing prepulse that is delivered 500 ms prior to test Discussion
depolarization. Basal and facilitated currents at a single time point are

We have demonstrated that the T-type Ca21 current isobtained within 5 s and these observations are repeated at 50 s
intervals. (B) Time course of the effects of tyrphostin A47 on voltage- enhanced when mouse spermatogenic cells are subjected
dependent facilitation. Currents were evoked by the basal and to either a depolarizing prepulse or to inhibition of protein
facilitated voltage protocols (see A) for 250 s and then 10µM tyrosine phosphorylation. Three types of evidence indicatetyrphostin A47 was introduced into the bath by perfusion (black bar).

that these two treatment protocols produce the sameThe basal current rapidly increases to the level of the facilitated
current, whereas there is no effect on the peak current amplitude of facilitated state. (i) The extent of the effects of these
the voltage-dependent facilitated current. (C) Current traces obtained treatments are similar. For example, the basal current is
at time points ‘1’ and ‘2’ from the round spermatid shown in (B). enhanced selectively by tyrphostin A25 and A47 to theNote that at ‘point 1’, prior to the addition of tyrphostin A47, the

level of the facilitated current, but these inhibitors ofvoltage-dependent facilitation protocol enhances peak current
protein tyrosine kinase activity never produce currentsamplitude by ~40% without affecting either the activation or

inactivation kinetics. Following addition of tyrphostin A47 (‘point 2’), that exceed the facilitated level. Similarly, protein tyrosine
the amplitude of the current evoked by a basal voltage protocol phosphatase inhibitors selectively suppress the facilitated
increases to the level of the facilitated current. (D) Time courses current to the level of the standard current, but neverillustrating the effects of tyrphostins A1 and A25 on the voltage-

produce currents that are smaller than the affected basaldependent facilitation of T currents. Currents were obtained as
described in (A). Tyrphostin A1 (50µM) had no effect on the T current. (ii) The effects of these protocols are not additive.
current of this spermatid, whereas 50µM tyrphostin A25 enhances the For example, tyrphostin treatment precludes further
current evoked by a basal voltage protocol to the level of the enhancement of current by a depolarizing prepulse.facilitated current. Tyrphostin A25 is a potent inhibitor of some

(iii) The effects of a depolarizing prepulse and of an alteredtyrosine kinases, whereas the A1 compound is relatively inactive. Note
protein tyrosine phosphorylation state on the biophysicalthat the effects of tyrphostin A25 are reversible, as was also observed

for tyrphostin A47 (not shown). characteristics of the T current are similar: both treatments
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alter the current amplitude without affecting either the In contrast, facilitation is transitory in those examples in
which it is due to removal of G protein-mediated inhibitionactivation or the inactivation kinetics.

The indistinguishable biophysical characteristics of the and decays with a time constant of ~30 ms (Tsunooet al.,
1986; Golardet al., 1993). Finally, a characteristic featurebasal and facilitated currents suggest that facilitation is

due to an increase in the T current rather than the of voltage-dependent relief of G protein inhibition is an
increased rate of current inactivation (Hille, 1994; Rocherecruitment of a class of different cryptic channels, such

as may occur in chromaffin cells (Artalejoet al., 1992). et al., 1995; Alvarezet al., 1996), whereas the facilitated
current of spermatogenic cells does not exhibit any changeThe enhancement of spermatogenic cell T currents can be

due either to an increase in the number of functional in kinetics (Figure 1C).
The most plausible mechanism for the control of thischannels or to alteration in the conductance characteristics

of individual T channels. Taken together with the conclu- T current is by the regulation of tyrosine phosphorylation.
The pharmacological experiments presented here suggestsion that a single facilitated state is produced by either

experimental treatment, these observations suggest that a model in which dephosphorylation of key but unidentified
tyrosine residues accounts for the transition of the channelspermatogenic cell T-type Ca21 channels are present in

two functional states: a low conductance, or even silent, to the facilitated state, whereas the phosphorylation of
these residues produces the lower conductance basal state.basal state and a higher conductance facilitated state.

Transitions between these functional states are promoted It is now well accepted that tyrosine phosphorylation
alters the function of the nicotinic acetylcholine receptoreither by voltage stimulation or by modulation of protein

tyrosine phosphorylation. Single channel recordings will (reviewed by Huganir, 1991) and of a number of voltage-
gated ion channels (reviewed by Siegelbaum, 1994; Jonasbe required to assess this model.

Voltage-dependent facilitation has been reported previ- and Kaczmarek, 1996). In addition, it has been suggested
that tyrosine phosphorylation also modulates Ca21 channelously for Ca21 channels, as well as a number of other

voltage-sensitive ion channels (Fenwicket al., 1982). This function, including a possible role in the angiotensin
II-dependent inhibition of the T-type current of NG108-stimulation has been attributed to several mechanisms,

including phosphorylation of channel subunits through 15 cells (Buissonet al., 1992, 1995). The consensus of
these previous studies is that Ca21 currents are increasedeither Ca21- or voltage-dependent protein kinases as well

as the voltage-dependent relief of a G protein-mediated by tyrosine phosphorylation. In contrast, the T channel of
mouse spermatogenic cells represents, to the best of ourinhibition (Hille, 1994; Dolphin, 1996). However, two

observations indicate that a Ca21-regulated process is knowledge, the first example of a Ca21 current that is
potentiated by a voltage-dependent dephosphorylationunlikely to mediate the voltage-dependent facilitation of

the spermatogenic cell T channel: (i) the effects of a process.
The inhibitory and facilitatory modulation of T currentsdepolarizing prepulse are observed when Ba21 replaces

Ca21 as a charge carrier; and (ii) internal Ca21 is buffered by protein tyrosine kinases and tyrosine phosphatases,
respectively, may control sperm function during mamma-in all recordings by EGTA or by BAPTA.

It is also unlikely that the voltage-dependent facilitation lian fertilization. We have shown recently that T channels
are retained on the mature sperm cell following theof the spermatogenic T-type current is due to the reversal

of G protein-dependent inhibition. In a number of other completion of spermatogenesis (Arnoultet al., 1996).
Prior to penetrating the egg’s zona pellucida and fusingcellular systems, external signals suppress Ca21 currents

through a G protein-mediated mechanism, and voltage- with the egg plasma membrane, sperm must complete the
acrosome reaction, a Ca21-dependent exocytotic event.dependent facilitation is due to the reversal of this inhibi-

tion (Doupnik and Pun, 1994; Rocheet al., 1995; Dolphin, Zona pellucida contact activates sperm T channels, and
the resultant Ca21 entry is essential for the acrosome1996). The voltage-dependent reversal of G protein-medi-

ated inhibition has been studied extensively in the high reaction (Arnoultet al., 1996). Sperm have only a single
secretory vesicle, and available evidence indicates thatvoltage-activated class of Ca21 channels.

However, several observations are inconsistent with the cells that complete the acrosome reaction prior to contact
with eggs are infertile (Ward and Kopf, 1993; Yanagima-presence of a similar G protein-mediated pathway in

the facilitation of spermatogenic cell T currents. First, chi, 1994). Thus, a key feature of sperm physiology is the
suppression of spontaneous exocytosis until the activationfacilitation by either a depolarizing prepulse or by the

application of tyrosine kinase inhibitors is not affected by of specific signal transducing pathways by the zona
pellucida glycoprotein, ZP3 (Ward and Storey, 1984;the intracellular addition of G protein inhibitors (GDPβS

or absence of GTP) or activators (GTPγS or GTP). Florman and First, 1988; Florman and Babcock, 1990).
A second characteristic of mammalian sperm is thatFor example, while GDPβS inhibits either the voltage-

dependent facilitation or the receptor-mediated inhibition fertility is only expressed during the final phase of func-
tional maturation, or capacitation, that occurs within theof Ca21 currents in several other preparations (Grassi and

Lux, 1989; Buissonet al., 1992, 1995; Doupnik and Pun, female reproductive tract prior to sperm–egg contact
(Yanagimachi, 1994). Recently, it was shown that one1994; Rocheet al., 1995; Alvarezet al., 1996), we were

able to record stable facilitation for long periods (10–15 component of capacitation is the enhanced tyrosine
phosphorylation of an array of sperm proteins (Viscontimin) in the presence of this G protein blocker. Second,

the duration of the voltage-dependent facilitation of the et al., 1995a,b). Tyrosine phosphorylation of the sperm T
channel or associated proteins during capacitation wouldspermatogenic cell T current is not consistent with the

presence of a G protein-mediated pathway. We observed minimize Ca21 influx through this pathway, thereby sup-
pressing spontaneous exocytosis as sperm prepare forthat a depolarizing prepulse produces a relatively long-

lived facilitation that decays with a time constant of 4.8 s. fertilization. A corollary of this model, which has not yet
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