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1. ABSTRACT

Cacium influx is an absolute requirement for the
physiological acrosome reaction in sperm from al sources
examined, both invertebrate and mammalian.
Pharmacologica studies suggest that the major channel in
the sperm head plasma membrane responsible for
modulating cacium entry and intracellular ionized cacium
levels could be ether an L-type (a class of high
voltage-activated) or a T-type (low voltage-activated)
voltage-dependent calcium channel. Patch clamp analysis of
cdcium currents in  immature spermatogenic  cells
demonstrates the presence of T-type currents. Therefore,
an argument has been put forth that the acrosome reaction
of gaculated sperm is regulated by a T-type cacium
channel. However, indirect analysis of calcium currents in
mature sperm after transfer of ion channels to planar lipid
bilayers detects three current types, including that similar,
but not identical, to an L-type channel, but no T-type
currents.  Molecular cloning of the alpha-1 pore forming
subunit of cacium channds expressed in the mae
reproductive tract and in gjaculated sperm has resolved this
controversy, demondtrating the existence of only high
voltage-activated channels. Further analysis of the apha-1
subunit isoform from rat and human testis and sperm
suggests that, as a result of dternate splicing, this L-type
apha1 subunit could produce calcium currents that were
T-like, eg., trandent, rapidly inactivating with dow
deactivation. Multiple splice variants of this isoform were
detected in human testis, suggesting a correlation with
intracindividual variation in the ability of sperm to undergo
an induced acrosome reaction and with male infertility.
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These variants could be developed as useful
biomarkers for susceptibility to environmenta and
occupational toxicants. Knowledge of cacium channels
structure will aso contribute to design of new mae
contraceptives based on exising cdcium channd
antagonists.

2. INTRODUCTION

The acrosome reaction was first identified in sea
urchin sperm by Dan (1), who aso provided evidence for a
requirement for extracellular calcium in the initiation of this
specialized form of exocytosis. We now know that the
mammalian sperm  acrosome reaction is adso a
cacium-dependent process (2-4) which is an absolute
requirement for zona pellucida-bound sperm to penetrate
through the zona and fuse with the colemma. Results from
biophysica studies, analysis of pharmacologica sensitivities
and binding of specific antibodies al indicate that sperm
express calcium channels which function in the acrosome
reaction. These channels are the subject of the current
review.

Two genera classes of cacium channels have
been identified: (1) calcium entry channels, and (1) cacium
release channels (review, 5). The first class can be
subdivided into three categories: (1) voltage-dependent
cdcium channels (VDCC), which are opened by
depolarization, (2)  receptor-operated calcium channels,
which are activated by chemicd messengers (eg.,
glutamate), and (3) capacitative calcium entry channels,
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Figure 1. A schematic representation of a typica
voltage-dependent calcium channel.  The figure shown is
modified from those of Tsien et al. (13), Heinemann et al.
(244), Catteral (7) and Perez-Reyes and Schneider (8). The
prototype VDCC is a heteromultimer composed of apha-1,
apha2, beta and delta subunits. The aphal and beta
subunits are products of different genes while the apha2
and delta subunits result from aternate splicing of the same
primary transcript (11,12). The apha-1 subunit forms the
ionic pore and contains cytoplasmic amino and carboxy
termini and four repetitive domains (I-1V), each containing
siX putative transmembrane segments (S1-S6).  The amino
terminus (thick line) and segments 1S6 (filled bar), 111S2
(diagondly hatched bar) and 1VS3 (filled bar) are
dternatively spliced in rat and human cardiac muscle and
testis (31,126,164,165). The beta subunit binds to the
apha1 subunit in the linker region between domain | and
domain Il (245,246). Although the apha2 subunit is
externaly located and linked to the membrane via its
association with the delta subunit (54), the region in which
these subunits interact with the apha-1 subunit is unknown

®).

which are opened by depletion of intracellular calcium
stores.  The second category includes. (1) ryanodine
receptors, and (2) inositol 1,4,5-triphosphate receptors.
VDCCs are the primary ion channds modulating the
acrosome reaction. This review will focus on expression of
VDCCs in mammalian testis and sperm in relaion to: (1)
sensitivity of sperm to pharmacologicad and inorganic
cdcium channd antagonists, and (2)  calcium currents
detected in immature spermatogenic cells and after transfer
of mature sperm ion channelsto planar lipid bilayers.

The prototype VDCC is composed of four
subunits (alpha-1, dpha2, beta and delta) (6; see figure 1).
Different apha-1 subunits are produced by transcription
from at least seven different genes and by aternate splicing
of the different primary transcripts (7-9). Although these
genes are located on different chromosomes (e.g., 10),
sequence homologies indicate that these genes are derived
from a common ancestor (figure 2A). Similarly, the beta
subunit is the product both of four different genes as well
dternate splicing (7,8). In contrast, the apha2 and deta
subunits result from aternate splicing of the same primary
transcript (11,12).
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The apha-1 subunit is composed of twenty-four
transmembrane segments which are divided into four

repetitive  domains  (I-1V), each containing Six
transmembrane segments (S1-S6) (figure 1). Potentiad
regions of adternate splicing include the 5 end,

transmembrane segments 1S6, 11S2 and 1VS3, and the
externa linker segment between 1IVS3 and 1IVS4 (8,13). The
apha1 subunit is able to form the pore of the channel in the
absence of the other subunits. Cloning of this apha1s
subunit from skeletal muscle and its in vitro expression
indicate that it induces calcium currents. These currents are
both voltage-sensitive and inhibited by dihydropyridines
(14-16). Similar findings have been obtained following
transfection of the cloned apha-1 subunits from the cardiac
L-type cacium channd (alphalc; 17) and the other dpha-1
subunits (review, 8). The structura basis for ion channel
function has also been identified (7,18-25). The pore is
opened by sdt bridge formation between the 4 voltage
sensor and segments S2 and S3. Inactivation is
accomplished via the amino and carboxy termini and 1S6.
Secondary messenger systems involved in regulation of
channel activity include G-proteins (18) and serine/threonine
phosphorylation (26). Further, constitutive phosphorylation
on tyrosine residues may be required to maintain VDCC in a
sate which is available for activation by membrane
depolarization (27,28). Tyrosine phosphorylation may aso
serve as a link between G-protein signdling pathways and
VDCC (29).

Electrophysiological studies provide evidence for
the existence of both high voltage-activated (HVA; eg., L-
type) and low voltage-activated (LVA; eg., T-type) VDCC
(seefigure 2A). For example, T-type currents exhibit a low
voltage threshold for activation, rapid inactivation and a
negative inactivation range wheress L-type currents are high
voltage activated and dowly inactivating.  Although
Perez-Reyes and co-workers (9) have recently cloned the a
neuronal alphal subunit named aphals which yieds
T-type currents when expressed in Xenopus oocytes, it is
till a matter of considerable debate as to whether or not this
subunit is the only apha-1 subunit involved in the formation
of native T-type channedls. Divergent genotypic and
phenotypic expression of native (aphals, aphalg,
aphalc, aphalp; 30; adso see 31) and cloned/transiently
expressed (apha-ls, aphalc, dphalg 32) dphal
subunits has been observed, i.e, adphal subunits
characterized as "HVA" can produce T-type currents. In
addition, antisense oligonucleotides against rat brain
aphal: decrease T-type currents in atrial myocytes (33)
and R-type currents in cerebellar granule cells (34). It has
been speculated that "T-type' channels are formed by
homo-oligomerization of HVA apha1 subunits (32,35). If
thisistrue, it could help explain why T-type currents display
a wide range of activation voltages and inactivation kinetics
(32).

The above findings can aso help explain why the
ion sengtivity (i.e, calcium, barium) of T-type currents
differs among cel types (32,36), why highly specific
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Figure 2. The alpha-1 subunits of VDCC were derived from a common ancestral gene. (A)

Proposed familia relationships

between apha1 subunits from different calcium channel classes were identified based on sequence homology reported by
Perez-Reyes et al. (247) and Snutch et al. (248). The figure shown has been modified from that of Tsien et al. (13) and of Stea et
al. (249) based on recent studies by Perez-Reyeset al. (9). (B) The sequences of the apha-1¢(31) and apha-1¢(9) subunits have
diverged significantly. For example, the amino amino sequences of the aphalc subunit in regions encoding putative
dihydropyridine binding sites (transmembrane segments 1S6, 111S2, 1V S3) have been aligned with those of the apha1lg subunit.
Alpha1s sequences are shown only for those amino acid residues that are identical to those in the pha-1c sequence.

antagonists of T-type currents have yet to be identified
(37-40), as well as why L-type VDCC blockers can inhibit
T-type currents (41,42). With regard to L-type VDCC, the
binding sites for the dihydropyridine class of cacium
channel blocking drugs are located in a hydrophobic
environment, eg., within the plane of the lipid bilayer
(43-46). Consigtent with this, transmembrane regions 1S5,
111S2 and IVS3 have been identified as dihydropyridine
binding stes (47-50). Nevertheless, the &ffinity for
dihydropyridine binding differs among cel and
tissue-subtypes based on the structure of the aphal
subunit expressed (47-49,51).

While the apha2, beta and delta subunits can
modulate the kinetics, voltage dependence of activation and
inactivation, and effects of dihydropyridine antagonists
(e.g., 52-55; also see Section 7), the apha-1 subunit remains
the best studied. This review will concentrate on the role of
apha1 gene expression in regulation of the biologica and
biophysical characteristics of mammalian sperm.

3. CALCIUM CHANNELS IN SPERMATOZOA

Yanagimachi and Usui (2) were the first to
demongtrate that the guinea pig sperm acrosome reaction is
dependent on the presence of millimolar amounts of
extracellular calcium. Their studies aso indicated that
guinea pig sperm must undergo capacitation before they can
respond to calcium. Acrosome loss by uncapacitated
bovine (56) and human (57) sperm is similarly repressed.

More recent studies help explain the need for
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sperm capacitation preceding induction of the acrosome
reaction by calcium. The physiological acrosome reaction
isinitiated by ligand- stimulated aggregation of receptors on
the sperm head plasma membrane (58-62). Although the
second messenger systems activated by ligand binding
(review, 4) are functiona in freshly gaculated sperm (57),
the receptor sites for physiologica agonists, e.g., zona
ligands and progesterone, are “"unmasked" during
capacitation (e.g., 60,62,63).

3.1. Biological findings

The acrosome reaction is mediated by efflux of
potassium (64-67) and hydrogen ions and by influx of
cdcium (65,68-71). Membrane hyperpolarization and
depolarization is induced by changes in membrane ion
permegbility (71-73). Studies using sperm loaded with
cdcium-specific  indicator dyes demonstrate  that
extracellular calcium enters the sperm head prior to loss of
acrosome content (69,74-79). L-type pharmacological
cdcium channel blockers and the inorganic cations,
nickel(11), cobalt(ll) and lanthanum(I11), inhibit both calcium
influx and acrosome exocytosis (66,69,70,80-83). The
pharmacological antagonists also bind with high affinity to
sperm membrane preparations (69,84,85). Although these
findings could be interpreted to suggest that sperm could
express L-type VDCC, an additional body of data brings
such a conclusion into question.

If indeed sperm express L-type VDCC, they
differ dgnificantly from those in somatic tissues
(41,69,79,83,84,86-89). For example, the senstivity of
sperm VDCC to nickel is greater than for cadmium, a
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characteristic of T-type currents. Bay K8644 does not bind
to sperm membranes or stimulate sperm VDCC function.
Bay K8644 is an agonist of L-type VDCC. Significantly
higher concentrations of L-type calcium channel blockers
are required to inhibit sperm calcium influx and acrosome
loss, a characteristic also attributed to T-type currents.
Cholesterol has no effect on cacium channe activity in
sperm, while cholesterol modulates L-type VDCC activity in
somatic cells. As a result, the same group of investigators
first characterized mammalian sperm VDCC as "L-like" (69)
and later as T-type (90). In somatic cells, both L-type and
T-type VDCC participate in exocytoss and smilar
processes (e.g., 91,92).

Examination of the secondary messenger systems
regulating acrosome exocytosis has not clarified the nature
of the sperm VDCC. G-proteins and tyrosine
phosphorylation form part of the signal transduction
pathways regulating ion channel function and calcium influx
(4,73,77,82,93-100). Inhibitors of G-protein and tyrosine
kinase action inhibit both calcium influx and the acrosome
reaction. Sertoli cells aso express L-type VDCC (101).
Both G-proteins and protein phosphorylation have been
implicated as being integra to the signa transduction
pathway activating these channels in Sertoli cells. This
pathway is regulated by follicle stimulating hormone (FSH).
L-type VDCC in somatic cells are activated by G-proteins
(18,102) and tyrosine phosphorylation (103). Unfortunately,
T-type currents are aso regulated by G-proteins and
tyrosine phosphorylation (104). Further, however, in sperm
the possibility exists the G-protein pathway may not be
directly linked to calcium influx, as one of the actions of
G-proteins is to regulate zona pellucidarinduced changes in
intracelular pH (73).

The patch-clamp technique has been used to
demonstrate ion channd activity in whole rat and sea urchin
sperm  and sperm  heads  (105,106). Direct
electrophysiological characterization of the calcium ion
channels in the sperm head plasma membrane is not,
however, feasible because the small size, possibly resulting
in an inability to form high-resistance sedls, as well as the
low success rate in displaying singlechannd activity
(96,105,107,108). Therefore, to further characterize the ion
channels expressed in the male reproductive system,
cacium currents have been assessed in immature germ cells
(90,109-112) and in Sertali cells in primary culture (113).
Only asingle type of VDCC (T-type) was identified.

A mgor point in the identification of
spermatogenic cell currents as T-type currents was the time
course of deactivation ("tail current”) after removal of
membrane depolarization. A relatively dow rate of closing
was observed. In somatic cells, T-type VDCC are
distinguished from L-type VDCC in that the tail currents of
the former are at least ten times dower than the latter
(114-116). A second point in the identification of VDCC
expression revolved around the sendtivity of calcium
currents to nickel. T-type VDCC are strongly blocked by
nickel (117). The third point of identification was the
sensitivity of the calcium currents to inhibition by semi-
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specific antagonists of T-type channels. (Note that T-type
cacium channel blockers are also antagonists of L-type
channels; eg., 38.) No function has been ascribed the
T-type VDCC in Sertoli cels as they are not directly
sengitive to FSH. In contrast, the T-type VDCC has been
postulated to regulate calcium ion influx during acrosome
exocytoss as it was assumed that the ion channds
synthesized during spermatogenesis or spermiogenesis
would persist in mature sperm (107,108). Even alowing for
this, the proposed regulatory mechanism for control of
T-type channel activity is inconsistent with other findings on
the regulation of acrosome exocytosis described above.
The VDCC encoding the putative male germ line T-type
current has been reported to be activated by tyrosine
dephosphorylation and  inactivated by  tyrosine
phosphorylation (111).

Calcium currents have aso been indirectly studied
after transfer of ion channels from whole mature sperm or
from isolated head plasma membranes to planar lipid
bilayers. A cation-sdlective channd (118,119), a high
conductance, cacium-sdective channd with features
comparable with the ryanodine receptor (120-122) and an
L-like VDCC (121) have dl been identified as the mgjor ion
channed mediating gamete interaction leading to the
acrosome reaction. Potential reasons for these conflicting
results include: (1) the fact that mammalian sperm express
multiple ion channels in their head plasma membrane
(4,119,123), (2) as many as ten ion channels have been
identified in a single bilayer preparation (118), and (3) in
the absence of recongtituting ion channels in the presence of
other components necessary for exocytosis (eg., 124),
there is no way to connect a given isolated calcium current
with induction of the acrosome reaction. The most
interesting of the sperm channels that was identified was
sensitive to dihydropyridines but: (1) showed no
inactivation, and (2) did not require strong depolarization
for activation (125). If this channd is an L-type VDCC,
these two characteristics could result in defining it as
"T-like". Further, it must be emphasized that none of these
studies provide evidence for expression of a T-type calcium
currentsand, thus, T-type VDCC in mature sperm. Thisis
in direct contrast to results from studies employing
immature spermatogernic cells described above.

To complicate this problem, athough cacium
transport pathways appear to be conserved across species
(eg., 122,126), it may not always be possible to trandate
results concerning the electrophysiology or the sensitivity to
pharmacologica or inorganic agents of calcium ion channels
obtained in one species to another. Three examples are
provided to support this argument. First, a tendency has
been observed in mammalian testis to form cell associations
of constant composition (127). However, these cell
associations within the seminiferous epithelium differ among
species, eg., rat versus man (127-129). Second, on average
less than 40% of human sperm are able to undergo a
spontaneous or induced acrosome reaction (60,62,130-132).
In contrast, more than 80% of sperm from animal systems
will exhibit acrosome loss (e.g., 2). Third, the effects of
cacium channel blockers on spermatogenesis and on
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acrosome exocytosis differ among man and animal systems.
In vivo administration of members of the dihydropyridine
class or benzothiazepine class of these agents results in a
dose-dependent arrest of spermatogenesis in guinea pigs
(133,134) but spermatogenesis in the human testis is
unaffected (88,135). While these drugs as well the
phenylakylamine class of cacium antagonists markedly
inhibit the human sperm acrosome reaction both in vivo and
in vitro (83,88,89,126,136,137), they have been reported to
stimulate calcium uptake by guinea pig sperm (138) and to
be without effect on acrosome loss by golden hamster
sperm (139). Importantly, even findings on the effects of
cacium channel blockers on the human sperm acrosome
and sperm fetility potentia differ among laboratories
(83,88,89,126,136,140-145). Taken together, these findings
suggest that more than one VDCC subtype may be capable
of triggering the acrosome reaction and emphasize the need
for molecular cloning in order to directly identify the exact
nature of the VDCC expressed in testis and sperm.

3.2. Data gained from molecular cloning

There is only one report in which the expression
of the different VDCC alpha-1l subunits was examined in
mammalian testis (110). In this sudy, reverse
transcription-polymerase chain reaction (RT-PCR) was
performed using forward and reverse primer sets specific
for alpha-1a, alpha-lg, dphalc, dphalp or dphals and
whole testis RNA or RNA from purified pachytene
spermatocytes, round spermatids, condensing spermatids or
residual bodies as template. Expression of al five apha-1
subunits were detected using testis RNA as template and
evidence for dternative splicing of the aphalp was also
obtained. In contrast, the apha-1g subunit was the magor
gene product in RNA from spermatogenic cells, with a low
level of dphals expression additionaly observed. In the
same study, patch-clamp recordings of pachytene
spermatocytes indicated the presence of calcium currents
that were transient with fast inactivation but were blocked by
nifedipine. Based on: (1) the fact that the alphaly was
previoudy identified as a low voltage activated T-type
channel based on nickdl sensitivity and transient activation
(246,147), (2) their electrophysiologica characterization of
cacium currents in immature spermatogenic cells, and (3)
the concept that the genome of the haploid mature
spermatozoon is quiescent (148), Lievano et al. (110)
conclude that spermatozoa, at least in the mouse, express
T-type cacium channels.

Unfortunately, Lievano and co-workers (110)
were mistaken on al three counts. First, there is now a
body of evidence which suggests that the haploid genomeis
not transcriptionaly dormant (review, 149,150), athough
evidence that trandation occurs has not yet been obtained.
Second, the effects of cacium channd antagonists on
apha1g expression and on T-type channels differ (37,151).
Third, and more importantly, they directly state that the only
cloned member of the T-type channels is the rat brain
dphale. Although they admit that an unknown aphal
subunit code could encode T-type currents, Lievano et al.
(110) were apparently unaware of a series of papers
demonstrating that the aphals subunit is in fact a high
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voltage-activated VDCC (39,152-155). The actua sequence
of the only putative low voltage-activated T-type dpha-1g
subunit differs significantly from that of any of the high
voltage-activated alpha-1 subunitsincluding apha-1¢ (9; aso
see figure 2B).

Taken together, the molecular data of Lievano et
al. (110) suggest that immature mammaian germ cels
contain MRNAs encoding only high voltage-activated
cacium channels.

4. ROLE OF L-TYPE VDCC IN THE ACROSOME
REACTION AND HUMAN MALE INFERTILITY

My impetus to characterize the calcium channds
expressed in mammaian sperm was derived from an
unexpected IVF fertilization fallure with normospermic
semen (88). The patient's sperm exhibited a reduced ability
to undergo agonist-stimulated acrosome exocytosis. The
patient was medicated with nifedipine, a calcium ion channel
blocker (156,157), for hypertension control. As (1)
agonist-stimulated calcium influx initiates the physiologica
acrosome reaction (e.g., 4,69,79,158) and (2) fertility was
restored following discontinuation of nifedipine (136), these
observations suggested that the observed inhibition of
sperm  ferttilizing potentid was causdly relaed to
administration of nifedipine. Subsequently, 19 additiona
caes of human mae infertility directly attributable to
cacium entry antagonists were identified (88,135,136; A.
Hershlag and S. Benoff, unpublished observations).

The apha-1 subunit of the L-type VDCC contains
binding sites for nifedipine and other calcium channd
blockers (43,47-49,159,160). Rat and human sperm express
antigenic epitopes on their equatorial/post-acrosomal head
plasma membranes which are shared with those of the
apha1 subunit and dihydropyridine receptor of the rabbit
skeletal muscle VDCC (126,161-163; see figures 3A-D).
Taken together, these observations suggested that: (1) the
pharmacological blockade of L-type VDCC contributed to
the production of male infertility in patients taking calcium
entry antagonists, and (2) PCR primers derived from
somatic L-type VDCC apha-1 sequences could be used to
clone the L-type VDCC expressed in sperm.

Using such methodol ogy, we have cloned and
characterized the entire mMRNA encoding the L-type VDCC
apha1c subunit that is expressed in rat and human testis
(31,126,164,165). The complete cDNA sequence and the
deduced amino acid sequence of the rat testes alpha-1c
subunit appears in Goodwin et al. (31). We have observed
four main regions in which the rat testis-specific VDCC
apha1c subunit differs from that of the L-type VDCC
apha1c of cardiac muscle. The observed diversity is due,
in part, to aternative exon usage from a single primary
transcript, which we have directly demonstrated by genomic
PCR analysis encompassing multiple exons and the
intervening intronic sequences (164): (1) domain | segment
6 (1S6) (preferential usage of exon 8A vs. exon 8 in cardiac
muscle), (2) domain 111 segment 2 (111S2) (preferentia use
of exon 21 vs. exon 22 in cardiac muscle), and (3) domain
1V segment 3 (IVS3) (preferential use of exon 31 vs. exon
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Figure 3. Rat and human sperm bind antibodies directed
againg L-type VDCC and phosphotyrosine residues.
Identification of antigenic epitopes expressed by mammalian
sperm. Indirect immunocytochemical labding was
performed following previousy published protocols
(4,126,178,250). Labeled sperm were viewed a X600
magnification with UV-epifluorescence illumination and
photographed at X 1500 magnification on 400 ASA film with
an exposure time of 50 seconds. Paired phase (A,C,E) and
epifluoresence (B,D,F) are shown. (A,B) Unfixed
non-permeabilized rat sperm display unique staining with
polyclona sheep antibody 006 limited (anti-skeletal muscle
dihydropyridine receptor; 251) to the post-acrosomal region
of the head (126). No staining is observed with control
aliquots not exposed to primary antibody (not shown).
(C,D) Unfixed Triton-permeabilized preparations of motile
human sperm from fertile donors bind monoclonal antibody
IIF7 (anti-skeletal muscle dihydropyridine receptor; 161)
over the equatorial/post-acrosomal regions of their heads
(126,178). Thishinding pattern differs signficantly from that
observed with anti-actin  or anti-myosin  antibodies
(176,178,219,250) and is not observed in the absence of
primary antibody (not shown). (E,F) Anti-phosphotyrosine
monoclonal antibody clone 1G2 (Boehringer Mannheim
Corp., Indianapolis, IN) binds to the tails of capacitated
motile human sperm, confirming results from another
laboratory (252). In addition, this antibody binds to the
human sperm head in two distributions: (i) over the
acrosome  cap, or (i) limited to the
equatorial/post-acrosome regions (4,178). The percentages
of spem displaying clone 1G2 binding in the
equatorial/post-acrosome regions is significantly increased
after induction of the acrosome reaction with model zona
ligand. containing mannose while the percentages of sperm
displaying clone 1G2 hinding over the acrosome cap was
unaffected by this treatment (4,178). Typica results are
shown with the arrows pointing to sperm binding clone 1G2
in the equatoria/post-acrosome regions. This distribution
coincides with that observed for antibodies to L-type
VDCC dpha-1 subunit (see Part D).

32 in cadiac muscle) (eg., see figures 1 and 4)
(31,126,164). Exon 8A has not previoudly been described
in the gene encoding the cardiac dpha-1 subunit (166).
Additiona diversity is derived from the use of dternative
promotor sequences, resulting in use of aternate exon 1A
and a truncated 5' end in the testis-specific sequence (31).
All the differences we have identified occur in regions of the
VDCC dpha-1 subunit that regulate the gating kinetics and
dihydropyridine sensitivity of the VDCC (19,22,47-49).

The regions of aternative splicing observed in the
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testis-specific apha1c subunit conform to those observed
in somatic tissues (7,8,13). The amino terminus is the only
region which is spliced in a tissue-restricted manner (8).
The amino terminus of the testis-specific dpha-1c subunit is
aso expressed in brain, smooth muscle from lung and
fibroblasts (167-169). The 1S6 sequence observed in the
testis-specific dpha-1c subunit is found in the aphalc
subunit expressed in smooth muscle from lung (167). The
111S2 segment of the testis-specific dphalc subunit is
detected in brain (48,168,170). The IVS3 segment of the
testisspecific dpha-lc subunit is expressed in skeleta
muscle where, however, the apha1 subunit is the product
of a separate gene (apha1s; 13).

It is likely that two of the dternate splicing events
detected, i.e., transmembrane segment 1S6 and the amino
terminus, could directly affect the eectrophysiologica
characteristics of the calcium current in sperm. With regard
to the former event, eectrophysiologica characterization of
the L-type VDCC apha-lc expressed in smooth muscle
indicates that this subunit deactivates dowly, in a manner
ascribed to T-type channels (171,172). This is probably the
result of expresson of an aternately spliced aphalc
transcript in the region encoding exon 8 (1S5-1S6 linker/I S6)
in smooth muscle and fibroblasts as compared to cardiac
muscle (167), which modulates voltage-dependent
inactivation (22). As the 1S5-1S6 linker contributes to ion
selectivity (7,173), this aternate splicing event could provide
an explanation as to why the testis-specific VDCC is more
sengitive to nicke and less sensitive to cadmium than
classca L-type VDCC (69,79; aso see Section 6).
Additional changes in channd inactivation kinetics could
result from the aternatively expressed amino terminus (47).
The amino terminus is cytoplasmic (see figure 1). Molecular
modeling using related potassum channds (174,175)
indicates that the amino terminus can directly occlude the
ion pore of the alpha-1 subunit.

These findings indicate that the eectrophysiologica
properties of apha-1c subunit expressed in rat (and human
testis and sperm; see below) would not exactly fit those
expected of the prototype L-type VDCC aphalc. This
conclusion is supported by studies in excitable somatic cells
in culture, where divergent genotypic and phenotypic
expression of alpha-1 subunits has been reported (30). Our
datais also consistent with observations on calcium currents
in smooth muscle in vivo. These cells exclusively express
dphalc subunits (167) but display both typical L-type
currents and a nifedipine-sensitive current with dow tail
current decay, eg., T-like (171,172). Nevertheless, we
needed to rule out the possibility that "T-type" aphalg
subunits were also expressed in these tissues.

Using three sets of primers derived from the rat
brain dpha-1s sequence (9) and rat brain RNA as template,
robust products of the expected size and sequence were
obtained (176; see figure 2B). In contrast, we were unable
to amplify the sequences encoding the pore of the apha-1g
subunit in rat testis RNA. Positive control reactions using
actin primers and either template gave similar results. Thus,
to date, there is no direct evidence for the expression of
aphals subunitsin mammalian testis.
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Figure 4. Comparison of the splicing patterns of the alpha-
1c subunit mMRNA observed in human testis and cardiac
muscle (165). Transmembrane region |V S3 participates both
in dihydropyridine binding and in voltage gating by forming
salt bridges with the $4 voltage sensor. VS Exons 31 and
32 encode dternate 1VS3 segments in the dphalc gene
Only exon 32 is detected in cardiac muscle. In contrat,
exon 31 is expressed in testis. In 10% of the clones
examined from testis RNA as template, a deletion of exon
33 was observed (see table 1). Exon 33 encodes a short
linker segment between 1V S3 and its voltage sensor.

Table 1. Cataogue of the splicing variants of the human
testis dpha-1c subunit.

Segment Exon  Tissue- Number of clones
specificity
Amino 1 Cardiac 0/20
terminus
1A Testis 20/20
1S6 8 Cardiac 15/16
8A Testis 1/16
111S2 21 Cardiac 2/16
22 Testis 13/16
21 + Cadiac/T 1/16
22 estis
IVS3 + 31 + Testis 36/50
linker 33
32 + Cardiac 3/50
33
31 + Tedstis/Car 2/50
32 + diac
33
IVS3 31 Testis 5/50
w/o
linker
32 Cardiac 3/50
31 + Tedtis/Car 1/50
32 diac

RT-PCR, cloning of the PCR products and DNA
sequencing  were performed using previously
published protocols (31,126,164).

Importantly, analysis of the human testis-specific
VDCC sequence (165) reveds additiona diversity that we
did not catalog in the rat (31). In contrast to the rat where
essentiadly only two VDCC isoforms were detected in testis,
12 different alternative splicing events in apha-1¢ transcripts
have found in human tetis (table 1), which in combinations
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produce at least 16 different VDCC isoforms. For example,
in the IVS3 dternatively expressed region, we have
observed a 72% use of exon 31 in the population (testis
poly A+ RNA source pooled from 10 male subjects 10-60
yrs)). However, we have aso found that 10% of the time
there is a deletion following exon 31, which corresponds
with exon skipping of exon 33 (figure 4). This exon acts as
a linker from IVS3 to IVS4.  Upon depolarization, the
charged residues in $4 are thought to rotate toward the
extracdlular face of the hilayer. If there is a restriction on
the size and/or increased rigidity of the S3 to $4 linker
segments, this may have an influence on the kinetics of
channel opening.

Results from RT-PCR in situ and from
immunocytochemistry indicate that VDCC apha-1¢ subunit
mRNA and protein are expressed in rat testis sections
throughout the seminiferous epithelium, both in al stages of
the germ cell lineage and in Sertoli cels, but not in the
intergtitial space (164). Examination of mRNA from
cultured Sertoli cells confirms that Sertoli cells express the
testisspecific VDCC aphalc isoform (31). VDCC
aphalc transcripts have recently been detected in RNA
from gaculated human sperm, suggesting post-meiotic
VDCC gene expression (177).

In addition, we now have documented
inter-individua variability in testisspecific L-type VDCC
aphalc isoform expression. In apreliminary study of ten
men, we found that each man reproducibily expressed, in
gaculated sperm, RNA populations encoding only one of
the 16 isoforms (L.O. Goodwin, D.S. Karabinus, R.G.
Pergolizzi and S. Benoff, submitted). In two of these cases,
we detected a deletion of exons 31 through 33 (see Table 1),
suggesting that the cadcium ion pore would be
non-functional in these men. These data suggest the
existence of human sperm VDCC isoform diversity relevant
to sperm fertilizing potential. The examination of this
potential VDCC isoform diversity in fertile and infertile men
isin progress.

Findly, we have identified two mechanisms
regulating VDCC function which are unique to sperm (4).

First, channel opening is regulated by
ligand-stimulated phosphorylation of unique tyrosine
residues in 1S6 and/or 111S2, which is inhibited in vivo (178)
and in vitro by dihydropyridines (4; e.g., see figures 3F and
5), suggesting a mechanism by which calcium transport is
abrogated by these drugs. The human sperm mannose
receptor plays an important role in this process: binding of
mannose moieties is associated with VDCC tyrosine
phosphorylation (figure 5; 4,82). The deduced amino acid
sequence of the testis-specific apha-1c subunit provides no
evidence for an intrinsic tyrosine kinase activity and, thus,
autophosphorylation.  Rather, we suggest (4) that this
phosphorylation is effected by the ZRK/hu9 tyrosine kinase
activity of the sperm head which is postulated to play a
regulatory role in induction of the acrosome reaction
(179,180).
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Figure 5. Nifedipine, an L-type dihydropyridine calcium

channel anatagoni <, inhibits ~ protein  tyrosine

phosphorylation induced by exposure of human sperm to
model zona ligands containing mannose. Typical results are
shown for motile sperm populations from three fertile
donors incubated overnight in capacitation media
supplemented with 5 uM nifedipine (4,88,178). Control
aliquots were not exposed to the drug. Acrosome loss was
induced by mannose treatment (61,63,131,250) and sperm
were then labded anti-phosphotyrosine  monoclonal
antibody clone 1G2 (Boehringer Mannheim Corp.,
Indianapalis, IN) (4,178). At least 300 sperm in each aiquot
were examined for antibody binding ("ANTI-PTYR ABS")
in the equatoria region of the sperm head (see Figure 3F).
Exposure to nifedipine resulted in a significant inhibition of
the both acrosome loss (not shown) and
anti-phosphotyrosine antibody binding (t-test, P <0.05).
Although only one specimen from each fertile donor was
analyzed, these observations confirm prior in vitro (4,178)
and in vivo (178) findings.

Second, proteolysis appears to be involved in the
formation of the active channe (4). Western blot of
membrane proteins extracted from fertile human donor
sperm and probed with antibodies specific for the L-type
VDCC dphal subunit indicate the presence of two
antigenic protein species (figure 6, lane 2). The first species
migrates between 165 to 175 kDa, consistent with the size
reported for the aphal subunit expressed in somatic
tissues (161,163). The second species, which migrates at
approximately 60 kDa, has never been reported for VDCC
from somatic tissues, and was not observed in the rat germ
line (164). Preliminary studies suggest that this lower
molecular weight protein is not detectable in extracts from
sperm from infertile men (4; figure 6, lane 1). The loss of
this protein species is likely to be of clinical importance as
about 50% of cases of reduced or failed fertilization in IVF
exhibit normal levels of expression of receptors for human
zona ligands containing mannose but a reduced ability to
undergo a mannose-stimulated acrosome reaction (131,181).

These data unequivocally demonstrate that an
L-type VDCC apha-lc subunit is expressed in mammalian
testis and sperm and provide evidence for a role for this
subunit in the mammalian sperm acrosome reaction.
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5. CONTRACEPTION

Men and women have smilar ettitudes and
knowledge levels of contraception (182,183). Currently,
however, primary prevention of pregnancy is largely borne
by the female partner. This is due, in pat, to the
disadvantages of the limited number of contraceptive
options available to the mae, eg., suppression of
spermatogenesis (hormonal methods) or prevention of
sperm transport (vasectomy; condoms) (review, 83). Lack
of interest in the public sector and financia considerations
have deterred the pharmaceutica industry and have limited
initiatives in male reproductive research and development
(184,185).

Reports on adverse effects of drugs created for
other purposes have been the main source of new mae
contraceptive protocols (186), eg., that therapeutic
administration of calcium channel blockers for hypertension
control and chronic migrane headaches results in a
revarsble infertile state (88,89,135-137). The latter has
suggested that calcium channel blockers can be developed
into non-hormonal, reversible and safe male contraceptives.

Initid  studies showed that cacium  channd
blocker-associated sperm dysfunction was the result of
inhibition of the capacitation process, limiting cholesterol
efflux and surface appearance of binding sites for zona
pellucida carbohydrate moieties (88,89,136). While further
studies have confirmed these findings, such studies have
aso indicated that the pharmacological activity of calcium
channel blockers which limits calcium entry into sperm is
aso required to inhibit the ability of human sperm to
respond to agonists of the acrosome reaction (83, 126).
Thus, both the biophysical effects of nifedipine on
membrane structure (e.g., effects on membrane width and
packing through favoring cholesterol retention) and its
pharmacologica cacium channd blockade limit male fertility
potential.  Therefore, calcium entry antagonists aso
effective as contraceptives must regulate both of these
parameters.

With regard to inhibition of membrane cholesterol
efflux, we recognize that modest chemica differences
between dihydropyridine analogues substantialy affect their
binding to the membrane lipid bilayer, affecting drug
bicavailability (44-46). For example, the charge (eg.,
positive, negative or uncharged) on a particular antagonist
limits that anadlogue to a specific region within the
membrane. Limitation of drug distribution to, for example,
near the hydrocarbon core/water interface or hydrophobic
core affects both drug dosage requirements and duration of
drug activity (45,187).

With regard to calcium channel blockade, three of
the dternatively spliced regions we have identified in the
testis-specific L-type VDCC, in addition to involvement in
regulation of channe kinetics, are aso thought to bind
cacium channel blockers: 156 (43,47,49,50), 111S2 (48) and
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Figure 6. Expresson of the dphalc subunit protein
differs between fertile and some infertile men. Sperm plasma
membrane extracts, SDS-polyacrylamide gel electrophoresis
of sperm membrane proteins in the presence of pre-stained
molecular weight size standards (Bio-Rad Laboratories,
Hercules, CA), transfer of size-separated proteins to
nitrocellulose  membranes, reaction with monoclona
antibody [IF7 (anti-skeletd muscle  dihydropyridine
receptor; 161) and detection of antibody binding using
Renaissance Chemiluminescence Reagent (NEN Dupont,
Boston, MA) were performed as previously described
(4,164). Typicd results are shown. The migration of the
size standards (203 kDa, 126 kDa and 42 kDa) is indicated
to the left. The arrows identify the positions of protein
species which bind antibody. (Lane 1) In a specimen from
a patient who exhibited complete failure of fertilization in
vitro as a result of an acrosome reaction insufficiency (131)
only one protein species, M, 165-175 kDa, was reactive with
monoclonal antibody [1F7. (Lane 2) In contrast, two
proteins species, M, 165-175 kDa and 60 kDa, which
contain antigenic epitopes which are recognized by
monoclonal antibody 1IF7 are observed in plasma
membrane protein extracts prepared from fertile donor
sperm. These data confirm prior findings (4,176).

IVS3 (47). Anaysis of the predicted secondary structure
and hydrophobicity of these dternatively spliced regions
(31,126,164) and the marked time-dependence of in vitro
inhibition by nifedipine of progesterone-stimulated
acrosome loss by fertile donor sperm (126) indicate that the
affinity of the testis-specific L-type apha1lc isoform for
cacium channel blocking drugs would differ significantly
from that of aphalc isoforms expressed in somatic
tissues.

Having identified specific changes in the structure
of the aphal, subunit of the L-type VDCC aphal of
mammalian sperm, we now intend to identify or develop
cacium entry antagonists that target this atered structure.
(This is a wel traveled route of drug development.
Structure-activity requirements have been defined for drugs
that block related ion channels, e.g., that for sodium) (188).
Focusing on drugs which target calcium channels, nifedipine
andogues have been produced which have either
symmetrical ester groups or non-identical ester groups.
Those with non-identical ester groups demonstrate tissue
sdlectivity, eg., nitrendipine lowers periphera vascular
resistance while nimodipine acts as a cerebra vasodilator
(review, 160).

To describe the molecular basis for this tissue

1228

specificity, Langs et al. (160,189) have used crysta
structures and molecular modeling to postulate that a
dihydropyridine binding cleft in the S4 transmembrane
segment, Arg-X-X-Arg-P-X-X-S, is atered by changes in
amino acid composition, and that these changes regulate an
ester-sensing function. We suggest that this ester-sensing
function of the $4 apha helix can aso be modulated by
interactions with S2/3 aternate exons specificaly expressed
in testis. We will search for ester side chain conformations
that will fit the dihydropyridine binding cleft of the
testis-specific apha-lc subunit. This seems a reasonable
approach as tissue sdlectivity is a major criterion in the
search for new calcium channel ligands (review, 51).

Naturally occurring calcium channel ligands offer
an alternate source of agents to be tested for contraceptive
potential. These include toxins produced by invertebrates
and flora, which can bind directly to the L-type VDCC and
possess cacium channel blocking properties, as well as
endogenous ligands whose action may be mimicked by the
existing pharmacological agents, such as small peptides
identified in vascular smooth muscle, brain and erythrocytes
(review, 51).

Identification of calcium entry antagonists which
meet our requirements and are suitable for detailed studies
of contraceptive efficacy will be facilitated by studying drug
binding to expressed recombinant testis-specific alpha-1c
subunit and to this recombinant protein following its
insartion into membrane bilayers of differing composition.
These experiments are in progress in my laboratory.

6. SUSCEPTIBILITY TO ENVIRONMENTAL
TOXICANTS

Although high level exposure to suspected
reproductive toxicants in an occupational setting has been
associated with a reduction in human male fecundity (eg.,
190), the effects of chronic low level environmenta
exposures to such toxicants on male reproductive health
have not hitherto been systematically evaluated. A recent
prospective study of consecutive couples undergoing their
first cycle of fetilization in vitro peformed by my
laboratory reveded that a significant fraction of men with
unexplained infertility were presenting with high blood and
semen levels of exposures to suspected reproductive
toxicants (eg., lead; 191), despite the men not being
occupationally exposed. More importantly, sperm
dysfunction (specificaly, inhibition of the induced acrosome
reaction) was observed in these subjects in the absence of
other outward signs such as abnorma semen parameters or
atered serum hormone levels. These findings raise two
issues: (1) an infertility patient population may contain a
subgroup which is predisposed to strongly respond to
environmental toxicant exposures, and (2)  there is a
pressing need to identify functional and genetic biomarkers
responsive to the effects of low level exposures to
environmental toxicants on human sperm fertilizing potential.
VDCC isoforms may be relevant to both.
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Figure 7. Detection of metal ion deposits in human sperm
by autometallography. Motile sperm from fertile donors (n =
9) was incubated overnight in capacitation media
supplemented with 22 mM zinc or 146 ug/L cadmium
(176,177). Control aiquots not exposed to metd ions.
Sperm were then washed free of exogenous metals and
metal deposits were visudized after converson to meta
sulfides and physical development with slver lactate
(253,254). Typica results from a single sperm donor are
shown. Zinc and cadmium deposits co-localize with sperm
head VDCCs detected by indirect immunofluorescence (see
Figure 3D). (A) No slver deposits are observed on
zinc-treated sperm not exposed to sodium sulfide prior to
autometallography. (B) The arrow in the figure delineates
the accumulation of zinc (black silver deposits) in the
equatoria region of the human sperm head. (C) The arrow
points to black silver deposits in the equatorial region of the
human sperm head following cadmium exposure. Note that
the shape of the spermis atered by cadmium.

There is considerable evidence for differential
susceptibility to a toxicant within a population. For
example, in an anima system, the fertility of a strain of mice
with high fecundity (Swiss) was margindly affected by
exposure to ethylene glycol ethers while a strain with low
fecundity (C3H) exhibited a large decline in fertility (192).
Similarly, in a study of shipyard painters, ethylene glycol
ether exposures produced a greater decrease in sperm
counts in men who were oligospermic than in men who were
normospermic  (193,194).  We therefore consider it
significant that the cacium channel blockers nifedipine,
vergpamil and diltiazem protect against ethylene glycol ether
testicular toxicity in rats in vivo (195) and in cultured rat and
human tedticular tissue in vitro (196). These observations
suggest that the mechanism underlying the reproductive
toxicity of ethylene glycol ethers may involve VDCC.

Cacium channel blockers dso limit: (1) the
neurctoxicity of organophosphorus compounds used in
agriculture (197), (2) the stimulation of gastric secretion
and gastric ulcer formation by ethanol and indomethacin
(298), (3) liver cel death induced by the potent marine
toxin maitotoxin (199), and (4) the augmentation of
glucose-induced insulin secretion by ethanol in the pancreas
(200). These data indicate that VDCC mediate the effects
of avariety of occupational and environmental toxicants.

In many cases, celular calcium homeostasis and
cacium-mediated cell processes are thought to be critical
targets for metal toxicant action (201-208). VDCC in
somatic tissues have been reported to transport lead, zinc,

1229

duminum, mercury in addition to calcium (209-213).
Similarly, permeation of zinc, cadmium, nickel, cobat and
manganese in the male reproductive tract occurs through
VDCC expressed in mammalian testis and sperm (69,79; see
figure 7). Nifedipine, a potent calcium channel antagonist,
inhibits lead entry into bovine chromaffin cells (209) and in
the frontal cortex of mouse brain (214). Nifedipine blocks
cadmium-induced toxicity in mouse pre-implantation
embryos by inhibiting intracellular cadmium accumulation
(215). Cdcium channd blockers aso inhibit cadmium
uptake by somatic cells (216,217). Interestingly, in a
population study, calcium metabolism in men appears more
sensitive to environmental metal ion  exposures, eg.,
cadmium, than that of women (218). These findings are
important for our attempt to develop an understanding of
the etiology of varicocele-associated infertility.

We (176,219) and others (220,221) have observed
that sperm from infertile men with varicocde display
acrosome reaction insufficiencies. Blockage in the pathway
leading to acrosome exocytosis occurs at a point after
initiation of signa transduction by zona ligands containing
mannose. In addition, my laboratory has reported that an
increase in semind plasma cadmium levels is a defect
specificaly observed in specimens from infertile men with
varicocele but not in specimens from men with other types
of infertility (219). This increased cadmium accumulation
was observed in varicocde patients who were not
occupationally exposed to cadmium and who did not smoke
cigarettes, another source of cadmium (222). In vitro
exposure of fertile donor sperm to cadmium produced
deficits in the acrosome reaction which mimic those
observed in sperm from infertile men with varicocele (219).
These observations suggest a causal relaionship exists
between cadmium exposures and varicocele-related
acrosome reaction insufficiency.

Our in vitro modeling studies also indicated that
cadmium must enter to sperm head in order to exert its
deleterious effects (S. Benoff, unpublished observations).
Sites of entry of exogenous metal ions such as zinc and
cadmium were identified by autometallography. These sites
co-localize with sperm head VDCC (figure 7; 176,177). The
effects of metal ions on VDCC differ among cell types and
among channel subtypes (69,210). We therefore suggest
that the acrosome reaction insufficiency of varicocele sperm
may be the result of defective calcium influx through ion
channels of dtered structure, possibly poisoned by
cadmium.

That varicocele-associated infertility could result
from the combined presence of a varicocele, a defect in
cadmium metabolism and a specific L-type VDCC alpha-1c
subunit isoform seems very reasonable.  There is
precedence for defective ion transport as the underlying
cause of a leest one form of human mae infertility
(223,224). More to the point, aterations in expression of
the alpha-1 subunit of the various types of calcium channels
have been documented to produce disease states in animals
and in man (review, 5). For example, sequence changes,
including those in transmembrane segment I11S2, of the
apha1, result in familia hemiplegic migraine and episodic
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ataxia type-2 where patients exhibit migraine-like symptoms
(225). Alternate splicing in the carboxy terminus of this
subunit is linked to a severe form of human ataxia (226).
The latter finding is of particular importance given that we
have identified multiple splice variants of the human adpha-1c
subunit that are expressed in testis and sperm.

In atempting to define the role of VDCC
isoforms in the etiology of varicocele-associated infertility,
we focus on the dternate splicing events regulating
expression of the 1S5-1S6linker/IS6 transmembrane segment
(31,165,176; see Section 4 and Table 1). In related sodium
channels, mutations resulting in single amino acid changes
within this region regulate whether the channd will be
resstant or sendgitive to cadmium (227,228). We have
identified a series of amino acid variants within thisregion in
the alphalc seguence in rat testis (31,176). A similar
survey of the human testis'sperm aphalc sequence is in
progress.

Taken together, these observations described
above indicate that (1) an important mode of action of
some reproductive toxicants is disruption of normal calcium
homeostasis, (2) heavy metd ion and lipophyllic toxicants
exert ther effects via an interaction with VDCC in the mae
reproductive tract, and (3) a VDCC isoform expression
assay may be developed into a biomarker to permit, for the
first time, generation of data concerning quantitative early
warning signs of reproductive toxicity as well as earlier
recognition of especially vulnerable males.

7. PERSPECTIVES

Changes in intracellular ion content play pivota
roles in sperm function. In particular, stepwise increases in
ionized calcium are an absolute requirement for acrosome
loss induced by zona pellucida glycoprotein 3, zona
carbohydrate moieties and by progesterone. Molecular
cloning has established that VDCC mRNAs are expressed
in mammalian testis, purified immature spermatogenic cells
and egaculated sperm. Immunocytochemical  and
fluorescent inhibitor binding studies have localized VDCC
proteins on cellular membranes. Biological studies (i.e,
electrophysiology; sendtivity to pharmacologica and
inorganic agents) indicate thet these VDCC in the parm heed plasma
membranereguiaethelevd of intracdlular cdldum.

7.1. Conclusions

Cacium current type in sperm, as defined by
patch clamp methodology and pharmacology (i.e., T-type),
does not correspond with alpha-1 subunit gene expression
as defined by molecular cloning (i.e., RNA sequences first
atributed to high voltage-activated channels). These
disparate results may not really be at odds. It appearsto be
a matter of semantics, i.e., whether sperm calcium channels
are being defined by electrophysiology or by sequence
andyss. Proteins which typicdly form pat of high
voltage-activated calcium channels can produce currents
reminiscent of low voltage-activated channels following
native expression in somatic cells (30) or following in vitro
expression of cloned aphal subunits (32). It is highly
likely that these high voltage-activated calcium channe
proteins modulate the acrosome reaction of the fertilizing
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spermatozoon.  Although electrophysiology is useful in
defining the operationad characteristics of the
macromolecular assembly which forms native VDCC, so
that there is no ambiguity it is suggested that in the future
sperm calcium currents should be defined by the RNA
sequences which encode the VDCC.

7.2. T-type calcium currents and VDCC subunit
composition

Both HVA dphal:s and alphalc mRNAs are
expressed in the mammdian mae germ line. However,
aphal: expresson has not been examined in gaculated
sperm. In contrast. the findings cited in Section 4 support
the suggestion that the observed diversity in L-type VDCC
dphalc subunit structure contributes to differences
between men in the ability to undergo agonist stimulated
acrosome loss and in human mae fertility. If it can be
shown that a causal relationship exists between expression
of aparticular dpha-1c isoform and a characteristic rate of
acrosome loss, this could ultimately facilitate more rational,
individualized treatment of mae infertility within the setting
of assisted reproduction. Identifying such a relationship
would  establish testisspecific dpha-lc isoforms as
potential biomarkers of individual response to environmental
and occupation exposures (229). In epidemiology, it could
be used to eucidate the role of a single agent following
exposure to complex mixtures (230). Finaly, the interaction
between membrane composition and membrane-imbedded
channel function, isoform diversity and potentia ethnic
differences (eg., 231) in isoform diversty must al be
considered in the development of calcium channe
antagonists as male contraceptive agents.

Differential splicing of the IS6 region (31), which
participates in voltage- and cacium-dependent inactivation
(8,22,23), which occurs in the testis-specific isoform of the
L-type dpha1c subunit and which results in the expression
of 1S6 sequence normaly found in smooth muscle
isoforms, may help explan physiologica evidence
suggesting that voltage-dependent calcium currents with
properties of T-type currents are the main calcium current
carrier in the male reproductive tract (90,111-113).

An aternate explanation is also possible (31). The
beta subunit modulates inactivation kinetics (232,233). Four
different calcium channel beta subunits have been identified
which are encoded by different genes (232). Two functions
have been ascribed to these beta subunits. First, the beta
subunit apparently regulates folding of the alpha-1 subunit
and its association with membranes (55,234,235). The beta
subunits, unlike many of the apha-1 subunits, can associate
with membrane when expressed alone. Second, the beta
subunits have been observed to modulate the functiona
properties of various aphal subunits both in vivo
(154,236,237) and when co-transfected into L cells or
Xenopus oocytes (52,53,238-240). In particular, the
biophysica (i.e, activation state) and pharmacological
properties of the alpha-1c subunit is strongly affected by
the presence of beta subunits (241). Association of beta-1,
2 or 3 subunits with a high voltage-activated apha1 subunit
can make it express "T-like" currents (242). It is therefore
possible that a similar phenomenon occurs in sperm. These
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two functions may be complementary.

Beta subunit isoforms are produced by
transcription of different genes and by alternative splicing of
the individua transcripts (7,8,232,243). A mutation in a
splice site of the beta-4 subunit gene has been associated
with ataxia and seizures in the lethargic mouse (242). We
therefore suggest variations in beta subunit expression may
aso contribute to the production of defective calcium influx,
an acrosome reaction insufficiency and human mae
infertility. This suggestion will provide the initiative for
future studies.

8. ACKNOWLEDGMENTS

Appreciation is expressed to Ledie O.
Goodwin,Ph.D. and Asha Jacob,Ph.D. for contribution of
unpublished findings on ion channel structure expression
and function and for preparation of the figures and table, to
Donner F. Babcock,Ph.D., Avner Hershlag,M.D. and Bruce
R. Gilbert,M.D.,Ph.D. for stimulating discussion, to Kevin
Campbdll,Ph.D. for the generous gift of polyclona and
monoclonal antibodies to the dihydropyridine receptor of
the rabbit skeletal muscle voltage dependent cacium
channel, to Barbara NapolitanoM.A. for satistica
consultations, to lan R. Hurley,Ph.D. and George W.
Cooper,Ph.D. for critical reading of the manuscript, and to
Stephanie CanarasM.A. for expert technical assistance.
Supported in part by Grant No. ES 06100 from the Nationa
Ingitute of Environmenta Hedth Sciences, Nationd
Institutes of Health, Bethesda, Maryland.

9. REFERENCES

1. JC. Dan: The acrosome reaction.
365-93 (1956)

2. R. Yanagimachi & N. Usui: Calcium dependence of the
acrosome reaction and activation of guinea pig
spermatozoa. Exp Cell Res 89, 161-74 (1974)

3. H. Breitbart & B. Spungin: The biochemistry of the
acrosome reaction. Mol Hum Reprod 3, 195-202 (1997)

4. S. Benoff: Modeling human sperm-egg interactions in
vitro: signal transduction pathways regulating the acrosome
reaction. Mol Hum Reprod 4, 453-71 (1998)

5. D.A. Greenberg: Cacium channels in neurologica
disease. Ann Neurol 42, 275-82 (1997)

6. W.A. Catteral: Structure and function of voltage-sensitive
ion channels. Science 242, 50-61 (1988)

7. W.A. Caterdl: Structure and function of voltage-gated
ion channels. Ann Rev Biochem 64, 493-531 (1995)

8. E. Perez-Reyes & T. Schneider: Molecular biology of
cacium channels. Kidney Int 48, 1111-24 (1995)

9. E. Perez-Reyes, L.L. Cribbs, A. Daud, A.E. Lacerda, J.
Barclay, M.P. Williamson, M. Fox, M. Rees & J-H. Lee
Molecular characterization of a neurona low-voltage-
activated T-type calcium channel. Nature 391, 896-900
(1998)

10. S. Diriong, M.E. Williams, S.B. Ellis, M.M. Harpold &
S. Taviaux: Chromosomal localization of the human genes
for aphals, dphals, and aphalc voltage-dependent
Ca?* channel subunits. Genomics 30, 605-9 (1995)

11. M.E. Williams, D.H. Feldman, A.F. McCue, R.

Int Rev Cytol 5,

1231

Brenner, G. Vdicehi, SB. Ellis& M.M. Harpold: Structure
and functional expression of aphal, apha2, and beta
subunits of a novel human neurona calcium channe
subtype. Neuron 71-84 (1992)

12. H.-L. Kim, H. Kim, P. Leg, R.G. King & H. Chin. Rat
brain expresses an dternaively spliced form of the
dihydropyridine-sensitive L-type cacium channd alpha 2
subunit. Proc Nat Acad Sci USA 89, 3251-55 (1992)

13. R.W. Tsien, P.R. Ellinor & W.A. Horne: Molecular
diversity of voltage-dependent Ca?* channels.  Trends
Pharmacol 12, 349-54 (1991)

14. T. Tanabe, K.G. Beam, JA. Powdl & S. Numa
Restoration of excitation-contraction coupling and sow
cdcium current in dysgenic muscle by dihydropyridine
receptor complementary DNA. Nature 336, 134-9 (1988)
15. E. Perez-Reyes, H.S. Kim, A.E. Lacerda, H. Horne, X.
Wei, D. Rampe, K. Campbel, AM. Brown & L
Birnbaumer L: Induction of calcium currents by the
expression of the A; subunit from the dihydropyridine
receptor of skeletal muscle. Nature 340, 233-6 (1989)

16. H.S. Kim, X. Wei, P. Ruth, E. Perez-Reyes, V.
Flockerzi, F. Hofmann& L. Birnbaumer: Studies on the
structurd requirements for the activity of the skeletd muscle
dihydropyridine receptor/dow ca?*. J Biol Chem 265,
11858-63 (1990)

17. A. Mikami, M. Imotot, T. Tanabe, T. Niidome, Y.
Mori, H. Takeshima, S. Narumiya & S. Numa: Primary
structure and functional expression of the cardiac
dihydropyridine- sendtive cacium channd. Nature 340,
230-3 (1989)

18. L. Birnbaumer, E. Perez-Reyes, P. Bertrand, T.
Gudermann, X.-Y. Wei, H. Kim, A. Castellano & J. Codina:
Molecular diversity and function of G proteins and calcium
channels. Biol Reprod 44, 207-24 (1991)

19. T. Tanabe, B.A. Adams, S. Numa & K.G. Beam:
Repeat | of the dihydropyridine receptor is critical in
determining calcium channel activation kinetics. Nature
352, 800-3 (1991)

20. X.Ws, A. Nedly, A.E. Lacerda, R. Olcese, E. Stefani,
E. Perez-Reyes & L. Birnbaumer: Modification of Ca2*
channel activity by deletions at the carboxyl terminus of the
cardiac alpha; subunit. J Biol Chem 269, 1635-40 (1994)

21. X. We, R. Olcese, W. Lang, E. Stefani & L.
Birnbaumer:  Increase in Ca2* channel expression by

deletions at the amino terminus of the cardiac aphalc
subunit. Recept Channels 4, 205-15 (1996)

22. JF. Zhang, P.T. Ellinor, RW. Aldrich & R.W. Tsen:
Molecular determinants of voltage-dependent inactivation in
cacium channels. Nature 372, 97-100 (1994)

23. M. De Leon, L. Jones, E. Perez-Reyes, X. Wei, T.P.
Snutch, W.S. Soong & D.T. Yue An essential
Ca2+-binding motif for Ca2+-sensitive inactivation of
L-type Ca channels. Science 270, 1502-6 (1995)

24. N.M. Soldatov, R.D. Zuhle, A. Bouron & H. Reuter:
Molecular structures involved in L-type cacium channd
inactivation. J Biol Chem 272, 3560-6 (1997)

25. J. Zhou, R. Olcese, N. Qin, F. Noceti, L. Birnbaumer &
E. Stefani: Feedback inhibition of Ca2+ channels by Ca2*
depends on the short sequence of the C terminus that does



Calcium channels & sperm

not include the Ca2+-binding function of a motif with
smilarity to Ca2+-binding domains. Proc Nat Acad Sci
USA 94, 2301-5 (1997)

26. T. Gao, A. Yaani, M.L. Del'Acqua, H. Sako, SA.
Green, N. Dascd, JD. Scott & MM. H :
CAMP-dependent regulation of cardiac L-type Cact
channels requires membrane targeting of PHA and
phosphorylation of channel subunits. Neuron 19, 185-96
(1997)

27. L. Liu, K. Li & N. Sperdakis. Tyrosine kinase
inhibitor, genistein, inhibits macroscopic L-type calcium
current in rat portal vein smooth muscle cells. Can J
Physiol Pharmacol 75, 1058-62 (1997)

28. L. Liu& N. Sperdakis Tyrosine kinases modulate the
activity of dngle L-type calcium channels in vascular
smooth muscle cells from rat porta vein. Can J Physiol
Pharmacol 75, 1063-8 (1997)

29. M.D. Hollenberg: Tyrosine kinase pathways and
regulation of smooth muscle contractility. Trends
Pharmacol Sci 15, 108-14 (1994)

30. A. Lievano, A. Bolden & R. Horn: Cacium channelsin
excitable cels divergent genotypic and phenotypic
expression of apha, subunits. Am J Physiol 267, C411-24
(1994)

31. L.O. Goodwin, N.B. Leeds, D. Guzowski, |.R. Hurley,
R.G. Pergolizzi & S. Benoff: Identification of structural
elements of the testis-specific voltage dependent calcium
channel that potentialy regulate its biophysical properties.
Mol Hum Reprod 5 (1999), in press

32. A. Mer & A.C. Dalphin: Known cacium channe
apha, subunits can form low threshold small conductance
channels with similarities to native T-type channels. Neuron
20, 341-51 (1998)

33. E.S. Piedras-Renteria, C.-C. Chen & P.M. Best:
Antisense oligonucleotides againgt rat brain aphalE DNA
and its atrial homologue decrease T-type calcium current in
arid myocytes. Proc Nat Acad Sci USA 94, 14936-41
(1997)

34. ES. PiedrasRenteria & R.W. Tsen: Antisense
oligonucleotides against dphalE reduce R-type cdium
currentsin cerebellar granule cells. Proc Nat Acad Sci USA
95, 7760-5 (1998)

35. L. Hymd, J. Streissnig, H. Glossmann & H. Schindler:
Purified skeletal muscle 1,4-dihydropyridine receptor forms
phosphorylation-dependent oligomeric calcium channels in
planar bilayers. Proc Nat Acad Sci USA 85, 4290-4 (1988)
36. J.R. Huguenard & D.A. Prince: A novel T-type current
underlies  prolonged Ca2+-dependent burst firing in
GABAergic neurons of rat thalamic reticular nucleus. J
Neurosci 12, 3804-17 (1992)

37. |. Bezprozvanny & R.W. Tsien: Voltage-dependent
blockade of diverse types of voltage-gated ca?* channels
expressed in Xenopus oocytes by the ca?* channel
antagonist mibefradil (Ro 40-5967). Mol Pharmacol 48,
540-9 (1995)

38. D.R. Abernethy: Pharmacologic and pharmacokinetic
profile of mibefradil, a T- and L-type calcium channe
antagonist. Am J Cardiol 80, 4C-11C (1997)

1232

39. AD. Randdl & R.W. Tsien: Contrasting biophysical
and pharmacologica properties of T-type and R-type
cacium channels. Neuropharmacol 36, 879-93 (1997)

40. D.J. Triggle Cardiovascular T-type calcium channels:
physiologicd and pharmacologica significance. J
Hypertens Suppl 15, S9-S15 (1997)

41. N. Akake, P.G. Kostyuk and Y.V. Ospchuk:
Dihydropyridine-sensitive low-threshold calcium channelsin
isolated rat hypothalamic neurones. J Physiol 412, 181-195
(1989)

42. A.N. Tarasenko, P.G. Kostyuk, A.V. Eremin & D.S.
Isaev: Two types of low voltage-activated Ca2* channdisin
neurones of rat laterodorsal thalamic nucleus. J Physiol
499, 77-86 (1997)

43. W.A. Catterall & J. Striessnig: Receptor sites for Ca2*
channel antagonists. Trend Pharmacol Sci 13, 256-62
(1992).

44. R.P. Mason, S.F. Campbell, S.-D. Wang & L.G.
Herbette: Comparison of location and binding for the
positively charged 1,4-dihydropyridine cacium channel
antagonist amlodipine with uncharged drugs of this class in
cardiac membranes. Mol Pharmacol 36, 634-40 (1989)

45. R.P. Mason, D.M. Moisey & L. Shgjenko: Cholesterol
dters the binding of Ca?* channel blockers to the
membrane lipid bilayer. Mol Pharmacol 41, 315-21 (1992)
46. R.P. Mason: Membrane interaction of calcium channe
antogonists modulated by cholesterol. Biochem Pharmacol
45, 2173-83 (1993)

47. A. Wéling, Y.W. Kwan, E. Bosse, V. Flockerzi, F.
Hofman & R.S. Kass: Subunit-dependent modulation of
recombinant L-type calcium channels. Circ Res 73, 974-80
(1993)

48. N.M. Soldatov, A. Bouron & H. Reuter: Different
voltage-dependent inhibition by dihydropyridines of human
ca2t channd splice variants. J Biol Chem 270, 10540-3
(1995)

49. F. Doring, V.E. Degtiar, M. Grabner, J. Striessnig, S.
Hering & H. Glossman: Transfer of L-type calcium channe
IVS6 segment increases phenylalkylamine sengtivity of
aphaga. J Biol Chem 271, 11745-9 (1996)

50. A. Kuniyasu, K. Itageki, T. Shibano, M. liono, G.
Kraft, A. Schwartz & H. Nakayama  Photochemica
identification of transmembrane segment IVS6 as the
binding region of semotiadil, a new modulator for the L-type
voltage-dependent Ca2* channdl. J Biol Chem 273:4635-41
(1998)

51. D. Rampe & D.J. Triggle New ligands for L-type
Ca* channels. Trends Pharmacol Sci 11, 112-5 (1990)
52. D. Singer, M. Bid, I. Lotan, V. Flockerzi, F. Hofmann
& N Dascal: Theroles of the subunits in the function of the
cacium channel. Science 253, 1553-7 (1991)

53. A.E. Lacerda, H.S. Kim, P. Ruth, E. Perez-Reyes, V.
Flockerzi, F. Hofmann, L. Birnbaumer & A.M. Brown:
Normalization of current kinetics by interaction between the
dpha 1 and beta subunits of the skedleta muscle
dihydropyridine-sensitive Ce?* chand. Nature 352,
527-30 (1991)

54. O. Wiser, M. Trus, D. Tobi, S. Haevi, E. Giladi & D.



Calcium channels & sperm

Atlas. The apha2/delta subunit of voltage senstive cat
channels is a single transmembrane extracdlular protein
which is involved in regulated secretion. FEBS Lett 379,
15-20 (1996)

55. N.L. Brice, N.S. Berrow, V. Campbell, K.M. Page, K.
Brickley, | Tedder & A.C. Dolphin: Importance of the
different beta subunits in the membrane expression of the
aphalA and apha2 calcium channd subunits: studies using
a depolarization-sensitive alphalA  antibody. Eur J
Neurosci 9, 749-59 (1997)

56. H.M. Florman & N.L. First: The regulation of
acrosomal exocytosis. |. Sperm capacitation is required for
the induction of acrosome reactions by the bovine zona
pellucidaiin vitro. Dev Biol 128, 453-63 (1988)

57. P. Bidfeld, R.A. Anderson, S.R. Mack, C.J. DeJonge
& L.JD. Zaneveld: Are capacitation or calcium ion influx
required for the human sperm acrosome reaction.  Fertil
Steril 62, 1255-61 (1994)

58. H.M. FHorman, K.B. Bechtol & P.M. Wassarman:
Enzymatic dissection of the functions of the mouse egg's
receptor for sperm. Dev Biol 106, 243-55 (1984)

59. L. Leyton & P. Sding: Evidence that aggregation of
mouse sperm receptors by ZP3 triggers the acrosome
reaction. J Cell Biol 108, 2163-8 (1989)

60. S. Benoff, J.I. Rushbrook, I.R. Hurley, F.S. Mandd,
M. Barcia, G.W. Cooper GW & A. Heshag:
Co-expresson of mannose-ligand and non-nucelar
progesterone receptors on motile human sperm identifies an
acrosome-reaction inducible subpopulation. Am J Reprod
Immunol 34, 100-15 (1995)

61. S. Benoff, I.R. Hurley, F.S. Manddl, G.W. Cooper &
A. Heshlag:  Induction of the human sperm acrosome
reaction with mannose-containing neoglycoprotein ligands.
Mol Hum Reprod 3, 827-37 (1997)

62. A. Jacob, I. Hurley, F.S. Manddl, A. Hershlag, G.W.
Cooper & S. Benoff: Human sperm non-nuclear
progesterone receptor expression is a novel marker for
fertilization outcome. Mol Hum Reprod 4, 533-42 (1998)
63. S. Benoff, |. Hurley, G.W. Cooper, F.S. Manddl, D.L.
Rosenfeld & A. Hershlag: Head-specific mannose-ligand
receptor expression in human spermatozoa is dependent on
capacitation-associated membrane cholesterol loss. Hum
Reprod 8, 2141-54 (1993)

64. H.C. Lee & D.L. Garberss Modulation of the
voltage-sensitive  Nat/Ht exchange in sea urchin
spermatozoa through membrane potential changes induced
by the egg peptide speract. J Biol Chem 261, 16026-32
(1986)

65. D.F. Babcock & D.R. Ffieffer: Independent elevation
of cytosolic (Cat++) and pH of mammalian sperm by
voltage-dependent and pH-sensitive mechanisms. J Biol
Chem 262, 15041-7 (1987)

66. C.M.B. O'Toole, E.R.S. Roldan & L.R. Fraser: Role
for Ca2* channdisin the signal transduction pathway leading
to acrosoma exocytosis in human spermatozoa. Mol
Reprod Dev 45, 204-11 (1996)

67. M. Schreiber, A. Wei, A. Yuan, J. Gutt, M. Saito & L.
Sakoff:  So3, a nove pH-senstive K* channe from

1233

mammalian spermatocytes. J Biol Chem 273, 3509-16
(1998)

68. D.F. Babcock, G.A. Rufo GA & H.A. Lady:
Potassium-dependent increases in cytosolic pH stimulate
metabolism and motility of mammalian sperm.  Proc Nat
Acad Sci USA 80, 1327-31 (1983)

69. H.M. Florman, M.E. Corron, T.D.-K. Kim & D.F.
Babcock: Activation of voltage-dependent calcium channels
of mammalian sperm is required for zona pellucida-induced
acrosomal exocytosis. Dev Biol 152, 304-14 (1992)

70. L.R. Fraser: Cacium channels play a pivota role in the
sequence of ionic changes involved in initiation of mouse
sperm acrosomal exocytosis. Mol Reprod Dev 36, 368-76
(1993)

71. Y. Zeng, EN. Clak & H.M. Florman: Sperm
membrane potentia: hyperpolarization during capacitation
regulates zona pellucida-dependent acrosomal secretion.
Dev Biol 171, 554-63 (1995)

72. F. Espinosa & A. Darszon: Mouse sperm membrane
potential: changes induced by Ca?*. FEBS Lett 372,
119-25 (1995)

73. C. Arnoult, Y. Zeng & H.M. Florman: ZP3-dependent
activation of sperm cation channels regulates acrosomal
secretion during mammalian fertilization. J Cell Biol 134,
637-45 (1996)

74. P.M. Sding & B.T. Storey: Mouse gamete interactions
during fertilization in vitro. Chlortetracycline as a
fluorescent probe for the mouse sperm acrosome reaction.
J Cell Biol 83, 544-55 (1979)

75. M.A. Lee, G.S. Trucco, K.B. Bechtol, N. Wummer N,
G.S. Kopf, L. Blasco & B.T. Storey: Capacitation and
acrosome reactions in human spermatozoa monitored by a
chlortetracycline fluorescence assay.  Fertil Steril 48,
649-58 (1987)

76. I. Kligman, M. Glassner, B.T. Storey & G.S. Kopf:
Zona pellucidamediated acrosomal exocytosis in mouse
spermatozoa: characterization of an intermediate stage prior
to completion of the acrosome reaction. Dev Biol 145,
344-55 (1991)

77. H.M. Florman, RM. Tombes, N.L. First & D.F.
Babcock: An adhesion-associated agonist from the zona
pellucida activates G protein promoted elevation of interna
Ca and pH tha mediatle mammalian sperm acrosoma
exocytosis. Dev Biol 135, 133-46 (1989)

78. Storey, B.T., C.L. Hourani & JB. Kim: A trandent rise
in inracdluar Ca2* is a precursor to the zona
pellucida-induced acrosome reaction in mouse sperm and is
blocked by the induced acrosome reaction inhibitor
3-quinuclidinyl benzilate. Mol Reprod Dev 32, 41-50 (1992)
79. H.M. Florman: Sequential focal and globa elevations
of sperm intracdlular Ce?t ae initiated by the zona

pellucida during acrosome exocytosis. Dev Biol 165,
152-64 (1994)
80. L.R. Fraser & K. Mcintyree  Cadcium channd

antagonists modulate the acrosome reaction but not
capacitation in mouse spermatozoa. J Reprod Fertil 86,
223-33 (1989)

81. H. Breitbart, E.J. Cragoe Jr & H.A. Lardy: Stimulation



Calcium channels & sperm

of Calt uptake into epididyma bull spermatozoa by
andogues of amiloride. Eur J Biochem 192, 529-35 (1990)
82. A. Branddli, PV. Miranda & JG. Tezon:
Voltage-dependent calcium channelsand G protein mediate
the human sperm acrosoma exocytosis induced by
N-acetylglucosamine / mannosyl neoglycoproteins.  J
Androl 17, 522-9 (1996) '

83. A. Jacob, |. Hurley, F.S. Mandel & S. Benoff: Cacium
channel blockers as a potentid male contraceptive:
mechanism underlying production of human male infertility.
Adv Contracept Deliv Syst 13, 223-38 (1997)

84. T. Kazazoglou, R.W. Schackmann, M. Fosset & B.M.
Shapiro: Calcium channe antagonists inhibit the acrosome
reaction and bind to plasma membranes of sea urchin
sperm. Proc Nat Acad Sci USA 82, 1460-4 (1985)

85. K. Mikami-Takeei & I. Yasumasu: Binding of (3H)
nitrendipine to proteins in the plasma membrane of sea
urchin sperm. Dev Growth Differ 31, 581-7 (1989)

86. C. Romanin, K. Seydl, H. Glossmann & H. Schindler:
The dihyropyridine niguldipine inhibits T-type currents in
ariad myocytes. Pflugers Arch 420, 410-2 (1992)

87. M.M. Gleason, M.S. Medow & T. N. Tulenk:
Excessive membrane cholesterol aters calcium movements,
cytosolic cacium levels, and membrane fluidity in arteria
smooth muscle. Circ Res 69, 216-27 (1991)

88. S. Benoff, G.W. Cooper, |. Hurley, F.S. Manddl, D.L.
Rosenfeld, G.M. Schall, B.R. Gilbert & A. Hershlag: The
effect of calcium ion channel blockers on sperm fertilization
potential. Fertil Steril 62, 606-17 (1994)

89. S. Benoff, G.W. Cooper, |. Hurley & A. Hershlag:
Cacium-ion channel blockers and sperm fertilization. Assist
Reprod Rev 5, 2-13 (1995)

90. C. Arnoult, R.A. Cardullo, JR. Lemos & H.M.
Florman: Activation of mouse sperm T-type Ca?* channels
by adhesion to the egg zona pellucida. Proc Nat Acad Sci
USA 93, 13004-9 (1996)

91. M.F. Rossier, M.M. Burnay, M.B. Valotton & A.M.
Capponi:  Didtinct functions of T- and L-type cacium
channels during activation of bovine adrena glomerulosa
cells. Endocrinology 137, 4817-26 (1996)

92. SJ Kim, JJ Sung & Y.S. Pak: L-type and
dihydropyridine-resistant calcium channe trigger exocytosis
with smilar efficacy in single rat pancreatic beta cells.
Biochem Biophys Res Commun 243, 878-84

93. L. Leyton & P. Sding: 95 kDa sperm proteins bind
ZP3 and serve as tyrosine kinase substrates in response to
zonabinding. Cell 57, 1123-30 (1989)

94. R.K. Naz, K. Ahmad & R. Kumar: Role of membrane
phosphotyrosine proteins in human spermatozoal function.
J Cell Sci 99, 157-65 (1991)

95. S. Furuya, Y. Endo, M. Oba, Y. Matsui, S. Nozawa &
S. Suzuki: Protein phosphorylation regulates the mouse
sperm acrosome reaction induced by the zona pellucida. J
Assist Reprod Genet 9, 384-90 (1992)

96. C.R. Ward & G.S. Kopf: Moalecular events mediating
sperm activation. Dev Biol 158, 9-34 (1993)

97. JL. Bailey & B.T. Storey: Cacium influx into mouse
spermatozoa activated by solublized mouse zona pellucida,

1234

monitored with calcium fluorescent indicator, fluo-3.
Inhibition of the influx by three inhibitors of the acrosome
rection.  Tyrphostin A48, pertussis toxin, and
3-quinuclidinyl benzilate. Mol Reprod Dev 39, 297-308
(1994)

98. L. Bonaccorsi, M. Luconi, G. Forti & E. Bddi:
Tyrosine kinase inhibition reduces the plateau phase of the
cacium increase in response to progesterone in human
sperm. FEBS Lett 364, 83-6 (1995)

99. RK. Naz: Protein tyrosine phosphorylation and signa
transduction during capacitation- acrosome reaction and
zona pellucida binding in human sperm.  Arch Androl 37,
47-55 (1996)

100. J. Tesarik, A. Carreras & C. Mendoza: Single cdl
analysis of tyrosine kinase dependent and independent cat
fluxes in progesterone induced acrosome reaction. Mol
Hum Reprod 2, 225-32 (1996)

101. E. Gorczynska & D.J. Handdsman: The role of
cacium in fallide-stimulating hormone signal transduction in
Sertoli cell. J Biol Chem 266, 23739-44 (1991)

102. K. Wickman & D.E. Clapman: lon channd regulation
by G proteins. Physiol Rev 75, 865-85 (1995)

103. X.-Q. Hu, N. Singh, D. Mukhopadhyay & H.I.
Akbardi: Modulation of voltage-dependent ca?* channds
in rabbit colonic smooth muscle cells by ¢c-SRC and focal
adhesion kinase. J Biol Chem 273, 5337-42 (1998)

104. JL. Alvarez, L.S. Rubio & G. Vassort: Facilitation of
T-type cacium current in  bullfrgo arid cdls
voltage-dependent relief of G protein inhibitory tone. J
Physiol 491, 321-34 (1996)

105. A. Guerero, Sanchez, JA. & A. Darszon:
Single-channel activity in sea urchin sperm reveded by the
patch-clamp technique. FEBS Lett 220, 295-8 (1987)

106. F. Espinosa, JL. de la VegaBdtran, |I.
Lopez-Gonzdlez, R. Delgado, P. Labarca & A. Darszon:
Mouse sperm patch-clamp recordings revea single Cl°
channels sensitive to niflumic acid, a blocker of the sperm
acrosome reaction. FEBS Lett 426, 47-51 (1998)

107. A. Darszon, P. Labarca, C. Bdtran, J. Garcia-Soto &
A. Lievano: Sea urchin sperm: an ion channel reconstitution
study case. Methods: Companion to Methods Enzymol 6,
37-50 (1994)

108. H.M. Florman, C. Arnoult, 1.G. Kazam, C. Li &
C.M.B. OToole: A perspective on the control of
mammdian fertilization by egg-activated ion channels in
sperm: atale of two channels. Biol Reprod 59, 12-6 (1998)

109. S. Hagiwara & K. Kawa Calcium and potassum
currents in spermatogenic cells dissociated from rat
seminiferous tubules. J Physiol 356, 135-49 (1984)

110. A. Lievano, C.M. Santi, C.J. Serrano, C.L. Trevino,
A.R. Bélve, A. Hernandez-Cruz & A. Darszon: T-type
ca?* channels and alpha;e expression in spermatogenic
cells, and their possible relevance to the sperm acrosome
reaction. FEBS Lett 388, 150-4 (1996)

111. C. Arnoult, JR. Lemos & H.M. FHorman:
Voltage-dependent modulation of T-type calcium channels
by protein tyrosine phosphorylation. EMBO J 16, 4883-93
(1997)



Calcium channels & sperm

112. C.M. Santi, A. Darszon & A. Hernandez-Cruz: A
dihydropyridine-sensitive T-type ca?* current is the main
CaZ* current carrier in mouse primary spermatocytes. Am J
Physiol 271, C1583-93 (1996)

113. N. Laevee, F. Pluciennick & M. Joffre
Voltage-dependent calcium current with properties of
T-type current in Sertali cells from immature rat testis in
primary culture. Biol Reprod 56, 680-7 (1997)

114. D.R. Matteson & C.M. Armstrong: Properties of two
types of cacium channds in clona pituitary cells. J Gen
Physiol 87, 161-82 (1986)

115. C. Chen & P. Hess: Mechanism of gating of T-type
cacium channels. J Gen Physiol 196, 603-30 (1990)

116. J. Herington & C.J. Lingle  Kinetics and
pharmacologica properties of low voltage-activated Ca2+
current in rat clona (GH3) pituitary cells. J Neurophysiol
68, 213-32 (1992)

117. A.P. Fox, M.C. Nowycky & R.W. Tsien: Kinetic and
pharmacological properties distinguish three types of
calcium currents in chick sensory neurons. J Physiol 394,
149-72 (1987)

118. T. Cox, P. Campbell & R.N. Peterson: lon channds
in boar sperm plasma membranes. characterization of a
caion sdlective channel. Mol Reprod Dev 30, 135-47
(1991)

119. P. Labarca, O. Zapata, C. Bdtran & A. Darszon: lon
channels from the mouse sperm plasma membrane in planar
lipid bilayers. Zygote 3, 199-206 (1995)

120. A. Darszon, A. Guerrero, A. Lievano, M.
Gonzalez-Martinez & E. Mordes: lonic channels in sea
urchin sperm physiology. News Physiol Sci 3, 181-5 (1988)
121. T. Cox & R.N. Peterson: Identification of calcium
conducting channels in isolated boar sperm plasma
membranes. Biochem Biophys Res Commun 161, 162-8
(1989)

122. C. Bdtran, A. Darszon, P. Labarca & A. Lievano: A
high-conductance voltage-dependent multistate cet
channel found in sea urchin and mouse spermatozoa. FEBS
Lett 338, 23-6 (1994)

123. H.C. Chan, T.S. Zhou, W.O. Fu, W.P. Wang, Y.L.
Shi & P.Y.D. Wong: Cation and anion channdls in rat and
human spermatozoa. Biochim Biophys Acta 1323, 117-29
(1997)

124. B. Spungin, |. Margdit & H. Bretbat: Sperm
exocytosis reconstructed in a cell-free system: evidence for
the involvement of phospholipase C and actin filaments in
membrane fusion. J Cell Sci 108, 2525-35 (1995)

125. SK. Tiwai-Woodruff & T.C. Cox: Boar sperm
plasma membrane Cal*-sdective channels in planar lipid
bilayers. Am J Physiol 268, C1284-94 (1995)

126. L.O. Goodwin, N.B. Leeds, I. Hurley, F.S. Mandd,
R.G. Pergalizzi & S. Benoff: Isolation and characterization
of the primary structure of testis-specific L-type cacium
channel: implications for contraception. Mol Hum Reprod
3, 255-68 (1997)

127. Y. Clermont: The cycle of the seminferous epithelium
inman. Am J Anat 112, 35-51 (1963)

128. C.P. Leblond & Y. Clermont: Definition of the stages

1235

of the cycle of the seminiferous epithelium of the rat. Ann
NY Acad Sci 55, 548-573 (1952)

129. PK. Working: Male reproductive toxicology:
comparison of the human to anima models. Environ
Health Perspect 77, 37-44 (1988)

130. D.P. Walf: Acrosoma status quantitation in human
sperm. Am J Reprod Immunol 20, 106-13 (1989)

131. S Benoff, I.R. Hurley, F.S. Manddl, T. Paine, A.
Jacob, G.W. Cooper & A. Heshlag: Use of mannose
ligands in IVF screens to mimic zona pellucida-induced
acrosome reactions and predict fertilization success. Mol
Hum Reprod 3, 839-46 (1997)

132. A. Hershlag, T. Paine, G.M. Scholl, D.L. Rosenfeld,
F.S. Mandd, JZ. Zhu, P. Guhring, D. Mecerod & S.
Benoff: Acrobeads test as a predictor of fertilization in
vitro. Am J Reprod Immunol 37, 291-9 (1997)

133. R. Junga, |. Gupta, A. Wdi, S.N. Sanya, R.N.
Chakavarti & S. Mgumdar: Effect of verapamil on different
spermatozoal function in guinea pigs-a preliminary study.
Contraception 41, 179-87 (1990)

134. K. Kishi, S. Kanamori, T. Maruyama, K. Sasaki, K.
Hara, M. Kawa & K. lkeuchi: Potentid parameters of mae
reproductive  toxicity: reproductive  performance,
histopathology and sperm evaluation in SD rats given
nitrazepam. J Toxicol Sci 20, 329-39 (1995)

135. A. Heshlag, D.L. Rosenfeld, G.M. Scholl & S.
Benoff: The contraceptive effect of cacium channe
blockers. (Abstr no 117) In: Abstracts of the 12th
Annual Meeting of ESHRE, p.55 (1996)

136. A. Hershlag, G.W. Cooper & S. Benoff: Pregnancy
following discontinuation of a calcium channel blocker in the
male partner. Hum Reprod 10, 599-606 (1995)

137. G. Enders. Clinica approaches to mae infertility with
a case report of possible nifedipine-induced sperm
dysfunction. J Am Borard Fam Pract 10, 131-6 (1997)
138. R. Junga, |. Gupta, A. Wdi, R.N. Chakravarti & S.
Mgumdar:  Vergpamil stimulates Ca™*-uptake and
Ca'*-ATPase in plasma membrane vesicles of guinea pig
spermatozoa. Contraception 41, 419-29 (1990)

139. E.R.S. Roldan, S. Shibata & R. Yanagimachi: Effect
of Ca?* channd antagonists on the acrosome reaction of
guinea pig and golden hamster spermatozoa. Gamete Res
13, 281-92 (1986)

140. A. VadenciaSanchez, F. Wens, A.J. Gallegos & JL.
del Villar: Efecto de agunas aminas terciarias comunmente
empleadas en d clinica sobre la motilidad y la viabilidad
espermaticas. Arch Invest Med (Mex) 14, 9-14 (1983)

141. E.R.S. Roldan, H. Wramsby & R. Yanagimachi:
Vergpamil, a Ca2* channel antagonist, accelerates the in
vitro penetration of zonafree hamster eggs by human
spermatozoa. Clin Reprod Fertil 5, 1-4 (1987)

142. U. Kanwar, RJK. Anand & S.N. Sanyd: The effect
of nifedipine, a cacium channel blocker, on human
spermatozoal functions. Contraception 48, 453-70 (1993)
143. R.J. Anand, U. Kanwar & S.N. Sanyad: Cacium
channe  antagonist  vergpamil  modulates  human
spermatozoal functions. Res Exp Med 194, 165-78 (1994)
144. H. Shiomi, S. Yamano, M. Shono & T. Aono:



Calcium channels & sperm

Characteristics of cacium ion influx induced by human
fallicular fluid in individua human sperm. Arch Androl 37,
79-86 (1996)

145. D. Katsoff & J.H. Check: A chalenge to the concept
that the use of calcium channdl blockers causes reversible
mae infertility. Hum Reprod 12, 1480-2 (1997)

146. T.W. Soong, A. Stea, C.D. Hodson, S.J. Dubdl, S.R.
Vincent & T.P. Snutch: Structure and functional expression
of a member of the low voltage-activated calcium channel
family. Science 260, 1133-6 (1993)

147. E. Bourinet, G.W. Zamponi, A. Stea, T.W. Soong, B.
Lewis, L.P. Jones, D.T. Yue & T.P Snutch: The adphae
cacium channel exhibits permeation properties similar to
low-voltage-activated calcium channels. J Neurosci 16,
4983-93 (1996)

148. N.B. Hecht: Post meiotic gene expression during
spermatogenesis.  In: Meiatic Inhibition: Molecular Control
of Meiosis, vol 267. Eds: Hasdtine FP, First NL, Alan R.
Liss, NY (1988)

149. JA. Kramer & SA. Kravetzz RNA in spermatozoa:
implications for the dternative haploid genome. Mol Hum
Reprod 3, 473-8 (1997)

150. D. Miller:  RNA in the gaculate spermatozoon: a
window into molecular events in spermatogenesis and a
record of the unusua requirements of haploid gene
expression and post-meiotic equilibration. Mol Hum
Reprod 3, 669-76 (1997)

151. G. Mehrke, X.G. Zong, V. Flockerzi & F. Hoffmann:
The Ca(++)-channel blocker Ro 40-5967 blocks differently
T-type and L-type Ca(++) channels. J Pharmacol Exp
Therap 271, 1483-8 (1994)

152. J.-F. Zhang, A.D. Randal, P.T. Ellinor, W.A. Horne,
W.A. Sather, T. Tanabe, T.L. Schwartz & R.W. Tsen:
Didgtinctive pharmacology and kinetics of cloned neurona
Ca* channdls and their possible counterparts in mammalian
CNS neurons. Neuorpharmacol 32, 1075-88 (1993)

153. M.E. Williams, L.M. Marubio, C.R. Deal, M. Hans,
P.F. Brus, L.H. Phillipson, R.J. Miller, E.C. Johnson, M.M.
Harpold & S.B. EHllis Structure and  functiona
characterization of neurona aphage cacium channd
subtypes. J Biol Chem 269, 22347-57 (1994)

154. M. Wakamori, T. Niidome, D. Furutama, T. Furuichi,
K. Mikoshiba, Y. Fujita, |. Tanaka, K. Katayama, A. Yatani,
A. Schwartz & Y. Mori: Distinctive functiona properties of
neurond Bl (class E) calcium channel. Recept Channels 2,
303-14 (1994)

155. T. Schneider, X. Wei, R. Olcese, JL. Constantin, A.
Neely, P. Paade, E. Perez-Reyes, N. Qin, J. Zhou, G.D.
Crawford, R.G. Smith, SH. Appel SH, E. Stefani & L
Birnbaumer: Molecular analysis and functional expression
of the human type E neurona ca2* channd apha, subunit.
Recept Channels 2, 255-270 (1994)

156. P.L. Vagy, JS. Williams & A. Schwartzz Receptor
pharmacology of calcium entry blocking agents. Am J
Cardiol 59, 9A-17A (1987)

157. A. Zanchetti: Role of calcium antagonists in systemic
hypertension. Am J Cardiol 59, 130B-6B (1987)

158. P. Thomas & S. Meizd: An influx of extracdlular

1236

cdcium is required for initiation of the human sperm
acrosome reaction induced by human follicular fluid.
Gamete Res 20, 397-411 (1988)

159. T. Tanabe, H. Takeshima, A. Mikami, V. Flockerzi, H.
Takahashi, K. Kangawa, M. Kaijima, H. Matsuo, T. Hirose
& S. Numa Primary structure of the receptor for calcium
channel blockers from skeletal muscle. Nature 328, 313-8
(1987)

160. D.A. Langs, P.D. Strong & D.J. Triggle Receptor
model for the molecular basis of tissue sdectivity of
1,4-dihydropyridine  calcium  channel drugs. J
Computer-Aided Mol Design 4, 215-30 (1990)

161. A.T. Leung, T. Imagawa & K.P. Campbell: Structura
characterization of the 1,4-dihydropyridine receptor of the
voltage-dependent Ca?* chand from rabbit skeletd
muscle. Evidence for two distinct high molecular weight
subunits. J Biol Chem 262, 7943-6 (1987)

162. AH. Shap T. Imagawa, A.T. Leung & K.P.
Campbell:  Identification and characterization of the
dihydropyridine-binding subunit of the skeletd muscle
dihydropyridine receptor. J Biol Chem 262, 12309-15

(1987)
163. A.H. Sharp & K.P. Campbell: Characterization of the
1,4-dihydropyridine  receptor using  subunit-specific

polyclona antibodies: evidence for a 32,000 Da subunit. J
Biol Chem 264, 2816-25 (1989)

164. L.O. Goodwin, N.B. Leeds, |. Hurley, G.W. Cooper,
R.G. Pergalizzi & S. Benoff: Alternative splicing of exons
in the dphal subunit of the ra testis L-type
voltage-dependent  calcium channel  generates germ
line-specific dihydropyridine binding sites. Mol Hum
Reprod 4, 215-26 (1998)

165. L.O. Goodwin, N.B. Leeds, A. Jacob, I.R. Hurley &
S. Benoff. The unique structurd diversity of the human
testis-specific voltage-dependent calcium channel. (Abstr no
5)  J Androl Suppl, 26 (1998)

166. N.M. Soldatov: Genomic structure of human L-type
Ca2+ channel. Genomics 22, 77-87 (1994)

167. M. Bidl, P. Ruth, E. Bosse, R. Hullin, W. Stuhmer, V.
Flockerzi & F. Hoffmann: Primary structure and functiona
expression of a high voltage activated calcium channel from
rabbit lung. FEBS Lett 269, 409-12 (1990)

168. T.P. Snutch, W.J. Tomlinson, J.P. Leonard & M.M.
Gilbert: Digtict cacium channels are generated by alternative
splicing and are differentidly expressed in the mammalian
CNS. Neuron 7, 45-57 (1991)

169. N.M. Soldatov: Molecular diversity of L-type Ca2*
transcripts in human fibroblasts. Proc Nat Acad Sci USA
89, 4628-32 (1992)

170. A. Hui, P.T. Ellinor, O. Krizanova, J-J. Wang, R.J.
Diebold & A. Schwartzz Molecular cloning of multiple
subtypes of a novel rat brain isoform of the apha, subunit
of the voltage-dependent calcium channel. Neuron 7, 35-44
(1991)

171. S Nakayama & A.F. Brading: Long Ca2+ channd
opening induced by large depolarization and Bay K8644 in
smooth muscle isolated from guinea pig detrusor. Br J
Pharmacol 119, 716-720 (1996)



Calcium channels & sperm

172. L.J. Janssen: T-type and L-type Ca2+ currents in
canine bronchial smooth muscle characterization and
phsyiologica role. Am J Physiol 272, C1757-65 (1997)

173. D.A. Doyle, JM. Cabra, R.A. Pfuetzner, A. Kuo,
JM. Gulbis, S.L. Cohen, B.T. Chait & R. MacKinnon: The
structure of the potassium channel: molecular basis of Kt
conduction and selectivity. Science 280, 11745-9 (1998)
174. T. Hoshi, W.N. Zagotta & R.W. Aldrich: Biophysica
and molecular mechanisms of Shaker potassum channel
inactivation. Science 250, 533-8 (1990)

175. SD. Demo & G. Ydlen: The inactivation gate of the
Shaker K+ channel behaves like an open-channel blocker.
Neuron 7, 743-53 (1991)

176. S. Benoff: Receptors and channels regulating
acrosome reactions. Human Fertility 1(2) (1999), in press.
177. L.O. Goodwin, D.S. Karabinus, 1.R. Hurley, R.G.
Pergolizzi, S. Benoff. Post-meiotic gene expression in
human sperm: detection of the L-type voltage-dependent
cacium channel (VDCC) apha-1 subunit mRNA. (Abstr no
P-259) In: Scientific Program and Abstracts of the 54th
Annual Meeting of the American Society for Reproductive
Medicine, p. S207 (1998)

178. S. Benoff: Carbohydrates and fertilization: an
overview. Mol Hum Reprod 3, 599-637 (1997)

179. D.J. Burks, R. Carbalada, H.D.M. Moore & P.M.
Sding:  Interaction of a tyrosine kinase from human sperm
with the zona pellucida at fertilization. Science 269, 83-6
(1995)

180. H.D.M. Moore, R. Clayton, C.L.R. Barratt & D.P.
Hornby: Induction of the acrosome reaction in human
spermatozoa with recombinant human ZP3 is associated
with a 97 kDa epitope and is inhibited with a specific
monoclonal antibody. J Reprod Fertil (Abs Ser) 15, 7
(1995)

181. A. Hershlag, G.M. Scholl, A. Jacob, F.S. Manddl, P.
Guhring, T. Paine, G.W. Cooper & S. Benoff: Mannose
ligand receptor assay as atest to predict fertilization in vitro:
aprospective study. Fertil Steril 70, 482-91 (1998)

182. JT. Bertrand, B. Makani, M.P. Edwards, N.C.
Baugham, K.L. Niwembo & B. Djunghu: The mae versus
femae perspective on family planning. J Biosci Rep 28,
37-55 (1996)

183. D. Bdaiah, M. Ghule, D.D. Naik, R.C. Parida & K.T.
Hazari: Fertility attitudes of men in an urban-setting - a
cross sectiona survey analysis. Adv Contracep Deliv Syst
13, 1-11 (1997)

184. D.J. Handdsman: Hormona male contraception:
progress and prospects for the 21st century. Aus N Z J
Med 25, 808-16 (1995)

185. F.C. Wu: Male contraception. Bailleres Clin Obstet

1237

Gynaecol 10, 103-19 (1996)

186. SA. Malin: Prospects for pharmacologica male
contraception. Drugs 48, 851-63 (1994)

187. R.P. Mason, D.G. Rhodes & L.G. Herbette
Reevauating equilibrium and kinetic binding parameters for
lipophillic drugs based on a structural model for drug
interaction with biologicad membranes, J Med Chem 34,

869-877 (1991)
188. V. Boloting, K.R. Courtney & B. Khodorov:
Gate-dependent  blockade of sodium channels by

phencthiazine derivatives. structure-activity relationships.
Mol Pharmacol 42, 423-31 (1992)

189. D.A. Langs, Y.W. Kwon, P.D. Strong & D.J. Triggle:
Molecular level model for the agonist/antagonist selectivity
of the 1,4-dihyrdopyridine calcium channel receptor. J
Computer-Aided Mol Design 5, 95-106 (1991)

190. JPE. Bonde The risk of mae subfecundity
attributable to welding of metals. Int J Androl 16 Suppl 1,
1-23 (1993)

191. S. Benoff, A. Jacob, F.S. Manddl, A. Hershlag & |.R.
Hurley: Environmenta lead (Pb2+) exposures. the
acrosome reaction (AR) and human male infertility. (Abstr
no 7)  In: Program and Abstracts of the 23rd Annual
Meeting of American Society of Andrology, p.26 (1998)
192. R.E. Chapin, R.E. Morrissey, D.K. Gulati, E. Hope,
L.H. Barnes, SA. Russdl & SR. Kennedy: Are mouse
strains differentialy susceptible to the reproductive toxicity
of ethylene glycol monoethylether? A study of three strains.
Fundam Appl Toxicol 21, 8-14 (1993)

193. L.S. Welch, SM. Schrader, TW. Turner & M.R.
Cullen: Effect of exposure to ethylene glycol ethers on
shipyard painters: I1. male reproduction. Am J Ind Med 14,
509-26 (1988)

194. S.M. Schrader: Clinica and experimental endpoints
used to detect impaired sperm function. In: Course IX,
Effects of Toxicant Exposure on Sperm and Oocyte
Quality, 30th Annua Postgraduate Program, The American
Society for Reproductive Medicine, p.45-71 (1997)

195. B.I. Ghanayem & R.E. Chapin: Cacium channd
blockers protect against ethylene glycol monoethyl ether
(2-methoxyethanol)-induced testicular toxicity. Exp Mol
Pathol 52, 279-90 (1990)

196. L.H. Li, R.IN. Wine & R.E. Chapin: 2-Methoxyacetic
acid (MAA)-induced spermatocyte apoptosis in human and
rat testis. an in vitro comparison. J Androl 17, 538-49
(1996)

197. H.AN. El-Fawal, B.S. Jortner & M. Ehrich: Effect of
verapamil  on  organophosphorus-induced  delayed
neuropathy in hens. Toxicol Appl Pharmacol 97, 500-11
(1989)



Calcium channels & sperm

198. B.l. Ghanaayem, H.B. Matthews R.R. Maronpot:
Cacium channel blockers protect against ethanol- and
indomethacin-induced  gastric  lesions  in rats.
Gastroenterology 92, 106-11 (1987)

199. RK. Kutty, Y. Singh, G. Santostasi & G. Krishna
Maitotoxin-induced liver cell death involving loss of cdll
ATP following influx of calcium. Toxicol Appl Pharmacol
101, 1-10 (1989)

200. J. Svartberg, J.J. Holst, M. Gutniak & N. Adner: The
ethanol augmentation of glucose-induced insulin secretion is
abolished by cacium antagonism with nifedipine no
evidence for a role of glucagon-like peptide-1 (GLP-1).
Pancreas 16, 66-71 (1998)

201. S. Orrenius & P. Nicotera: On the role of calcium in
chemical toxicity. Arch Toxicol Suppl 11, 11-19 (1989)
202. JG. Pounds & JF. Rosen: Celular Ca2*
homeostasis and Ca2*-mediated cell processes as critical
targets for toxicant action: conceptua and methodological
pitfals. Toxicol Appl Pharmacol 94, 331-41 (1988)

203. R.A. Goyer: Nutrition and metal toxicity. Am J Clin
Nutr 61(Suppl), 646S-50S (1995)

204. R.A. Goyer: Toxic and essential meta interactions.
Ann Rev Nutr 17, 37-50 (1997)

205. W.C. Prozialeck, P.C. Lamar & M. lkura: Binding of
cadmium (Cd?*) to E-CAD-1, a cacium-binding
polypeptide analog of E-cadherin. Life Sci 58, 325-30
(1996)

206. G.J. Long: Cadmium perturbs calcium homoestasis in
rat osteosarcoma (ROS 17/2.8) cells;, a possible role for
protein kinase C. Toxicol Lett 91, 91-7 (1997)

207. A.K. Wilson & M.H. Bhattacharyya: Effects of
cadmium on bone: an in vivo model for the early response.
Toxicol Appl Pharmacol 145, 68-73 (1997)

208. M.M. Brzoska & J. Moniuszko-Jakoniuk:  The
influence of calcium content in diet on accumulaion and
toxicity of cadmium in the organism. Arch Toxicol 72,
63-73 (1998)

209. JL. Tomsig & JB. Suszkiw: Permedtion of P2t
through calcium channels: fura-2 measurements of voltage-
and dihydropyridine-sensitive Pb2* entry in isolated bovine
chromaffin cells. Biochim Biophys Acta 1069, 197-200
(1991)

210. JL. Audesirk & T. Audesirk: The effects of inorganic
lead on voltage-sengtive calcium channels differ among cell
types and among channel types. NeuroToxicol 14, 259-66
(1993)

211. D. Bussdberg, M. Pekd, D. Michad & B. Pat:
Mercury (Hg2+) and zinc (Zn?*): two divalent cations with
different actions on voltage-activated calcium currents. Cell
Mol Neurabiol 14, 675-87 (1994)

1238

212. D. Busselberg, B. Platt, D. Michagl, D.O. Carpenter &
H.L. Haass Mammdian voltage-activated cacium currents
are blocked by Pb2*, Zn2*, and AI3*. J Neurobiol 71,
1491-7 (1994)

213. B. Plait & D. Busselberg: Combined actions of Po2*,
Zn?*, and AI3* on voltage-activated cacium channel
currents. Cell Mol Neurobiol 14, 831-40 (1994)

214. S. Schulte, W.E. Muller & K.D. Friedberg: In vitro
and in vivo effects of lead on specific 3H-PN200-110
binding to dihydropyridine receptors in the frontal cortex of
the mouse brain. Toxicology 97, 113-21 (1995)

215. SK. De, B.C. Paia, SK. Dey & G.K. Andrews:
Stage-specific  effects of cadmium on preimplantation
embryo development and implantation in the mouse.
Toxicology 80, 13-25 (1993)

216. V. Souza, L. Bucio & M.C. Gutierrez-Ruizz Cadmium
uptake by a human hepatic cdl line (WRL-68 cells).
Toxicology 120, 215-20 (1997)

217. W.J. Weidner & A.J. Sliman: Low levels of cadmium
chloride damage the corneal endothelium. Arch Toxicol 71,
455-60 (1997)

218. J Staessen, A. Amery, A. Bernard, P. Bruaux, J.-P.
Buchet, F. Clagys, P. De Plaen, G. Ducoffre, R. Fagard,
R.R. Lauwerys, P. Lijen, L. Nick, A. St. Remy, D. Rondia,
F. Sartor & L. Thijs. Effects of exposure to cadmium on
cacium metabolism: a population study. Br J Ind Med 48,
710-4 (1991)

219. S. Benoff, I.R. Hurley, M. Barcia, F.S. Mandel, G.W.
Cooper & A. Hershlag: A potentid role for cadmium in the
etiology of varicocele-associated infertility. Fertil Steril 67,
336-47 (1997)

220. B. Rogers, G. Myatt, D. Soderdahl & R. Hae
Monitoring of suspected infertile men by the sperm
penetration assay, Fertil Steril 44, 800-5 (1985)

221. P. Vigil, C. Wohler, E. Bustos-Obregon, F. Comhaire
& P. Moraes. Assessment of sperm function in fertile and
infertile men. Andrologia 26, 55-60 (1994)

222. SE. Chig, B. Xu, C.N. Ong, FM.H. Tsakok & S.T.
Lee Effect of cadmium and cigarette smoking on human
semen qudity. Int J Fertil 39, 292-8 (1994)

223. D.N. Sheppard, L.S. Ostegaard, D.P. Rich & M.J.
Welsh:  The amino-termina portion of CFTR forms a
regulated CI~ channdl. Cell 76, 1091-8 (1994)

224. V. Mak & K.A. Jarvi: The genetics of male infertility.
J Urol 156, 1245-57 (1996)

225. R.A. Ophoff, G.M. Terwindt, M.N. Vergouwe, R.
Van Eijk, PJ. Oefner, SM.G. Hoffman, JE. Lamerdin,
H.W. Mohrenweiser, D.E. Bulman, M. Ferrari, J. Haan J, D.
Lindhout, G.-B.D. Van Ommen, M.H. Hofker, M.D. Ferrari
& R.R. Frants Familid hemiplegic migrain and episodic



Calcium channels & sperm

ataxia type-2 are caused by mutation in the cat gene
CACNL1AA4. Cell 87, 543-52 (1996)

226. O. Zhuchenko, J. Bailey, P. Bonnen, T. Ashizawa,
D.W. Stocktom, C. Amos, W.B. Daobyns, S.H.
Subramony, H.Y. Zoghbi & C.C. Lee:  Autosomd
dominant cerebella ataxia (SCA6) associated with small
polyglutamine expansions in the aphays voltage-dependent
cacium channel. Nat Genet 15, 62-9 (1997)

227. P.H. Backx, D.T. Yue, JH. Lawrence, E. Marban &
G.F. Tomasdlli: Molecular localization of an ion-binding site
within the pore of mammalian sodium channels. Science
257, 248-51 (1992)

228. J. Satin, JW. Kyle, M. Chen, P. Bell, L.L. Cribbs,
H.A. Fozzard & R.B. Rogart: A mutant of TTX-resistant
cardiac sodium channels with TTX-sensitive properties.
Science 256, 1202-5 (1992)

229. M.T. Smith & W.A. Suk: Application of molecular
biomarkers in epidemiology. Environ Health Perspect 102
Suppl 1, 229-35 (1994)

230. S. Tas, R. Lauwerys & D. Lison: Occupationa
hazards for the male reproductive system. Crit Rev Toxicol
26, 261-307 (1996)

231. L. Johnson, JJ. Bernard, L. Rodriguez, E.C. Smith,
R.S. Swedloff, X.H. Wang & C. Wang: Ethnic differences
in tedticular structure and spermatogenic  potentia
predispose testes of Asian men to a heightened sensitivity to
steroidal contraceptives. J Androl 19, 348-57 (1998)

232. A. Castellano & E. Perez-Reyes. Molecular diversty
of Ca?* R subunits. Biochem Soc Trans 22, 483-8 (1994)
233. R. Olcese, N. Qin, T. Schneider, A. Nedy, X. We, E.
Stefani & L. Birnbaumer: The amino terminus of a calcium
channdl beta subunit sets rates of channd inactivation
independently of the subunit's effect on activation. Neuron
13, 1433-8 (1994)

234. N.S. Berrow, V. Campbel, E.M. Fitzgerdd, K.
Brickley & A.C. Doalphin:  Antisense depletion of
beta-subunits  modulates  the  biophysica and
pharmacologica properties of neurona calcium channels. J
Physiol 482, 481-91 (1995)

235. E. Tareilus, M. Roux, N. Qin, R. Olcese, J. Zhou, E.
Stefani & L. Birnbaumer: A Xenopus oocyte beta subunit:
evidence for a role in the assembly/expression of
voltage-gated calcium channels that is separate from its role
as aregulatory subunit. Proc Nat Acad Sci USA 94, 1703-8
(1997)

236. O. Tanaka, H. Skagami & H. Kondo: Localization of
mRNAs of voltage-dependent Ca?* channels: four subtypes
of alpha-1- and beta-subunits in developing and mature rat
brain. Mol Brain Res 30, 1-16 (1995)

237. V.E. Scott, M. De Waard, H. Liu, C.A. Gurnett, D.P.

1239

Venzke DP, V.A. Lennon & K.P. Campbell: Beta subunit
heterogeneity in N-type Ca2+ channels. J Biol Chem 271,
207-12 (1996)

238. A. Cadtdlano, X. Wsd, L. Birnbaumer & E.
Perez-Reyes. Cloning and expression of a neurond calcium
channel beta subunit. J Biol Chem 268, 12359-66 (1993)
239. A. Stea, S.J. Dubd, M. Pragnell, J.P. Leonard, K.P.
Campbell & T.P. Snutch: A beta-subunit normdizes the
electrophysiological properties of a cloned N-type ca?t
channe apha 1-subunit. Neuropharmacol 32, 1103-16
(1993)

240. W.J. Tomlinson, A. Stea, E. Bourinet, P. Charnet, J.
Nargeot & T.P. Snutch: Functiona properties of a neurona
class C L-type cdcium channel. Neuropharmacol 32,
1117-26 (1993)

241. A.R. Nedy, R. Olcese, P. Bdddli, X. Wei, L.
Birnbaumer & E. Stefani: Dua activation of the cardiac
Ca2+ channd apha 1C-subunit and its modulation by the
beta-subunit. Am J Phsyiol 268, C732-40 (1995)

242. D.L. Burgess, JM. Jones, M.H. Meider & JL.
Noebels: Mutation of the Ca2* channel beta subunit gene
Cchb-4 is associated with ataxia and seizures in the lethargic
(Ih) mouse. Cell 88, 385-392 (1997)

243. M. Murakami, U. Wessenbach & V. Flockerzi: Gene
structure of the murine calcium channel betag subunit, cDNA
and characterization of aternative splicing and transcription
products. Eur J Biochem 236, 138-43 (1996)

244. SH. Heinemann, T. Schlief, Y. Mori & K. Imoto:
Molecular pore structure of voltage-gated sodium and
cacium channels. Br J Med Biol Res 27, 2781-802 (1994)
245. Pragnéll, M., M. De Waard, Y. Mori, T. Tanabe, T.P.
Snutch & K.P. Campbell. Cacium channel beta-subunit
binds to a conserved moatif in the I-11 cytoplasmic linker of
the alpha, subunit. Nature 368, 67-70 (1994)

246. M. De Waard, D.R. Witcher, M. Pragnell, H. Liu and
K.P. Campbell. Properties of the dpha-beta anchoring site
in voltage-dependent Ca?* channds. J Biol Chem 270,
12056-64 (1995)

247. E. Perez-Reyes, X. We, A. Castdlano & L.
Birnbaumer: Molecular diversty of L-type cacium
channels; Evidence for aternative splicing of the transcripts
of three non-aldlic genes. J Biol Chem 265, 20430-6 (1990)
248. T.P. Snutch, J.P. Leonard, M.M. Gilbert, H.A. Lester
& N. Davidson: Rat brain expresses a heterogeneous family
of calcium channels. Proc Nat Acad Sci USA 87, 3391-5
(1990)

249. A. Stea, T.W. Soong & T.P. Snutch: Voltage-gated
cdcium channds. In: Ligand- and voltage-gated ion
channels. Eds: North, A.R., CRC Press, Boca Raton (1995)
250. S. Benoff, M. Barcia, I.R. Hurley, G.W. Cooper, F.S.



Calcium channels & sperm

Mandel, S. Heyner, W.T. Garside, B.R. Gilbert & A.
Hershlag: Classification of mae factor infertility relevant to
IVF insamination strategies usng mannose ligands,
acrosome status and anti-cytoskeletal antibodies. Hum
Reprod 11, 1905-18 (1996)

251. M. Pragnell, J. Sakamoto & K.P. Campbell: Cloning
and tissue-specific expression of the brain calcium channel
beta-subunit. FEBS Lett 291, 253-8 (1991)

252.  A. Carrera, J. Moos, X.P. Ning, G.L. Gerton, J.
Tesarik, G.S. Kopf & S.B. Moss: Regulation of protein
tyrosine phosphorylation in human sperm by a
ca cium/calmodulin-dependent mechanism: identification of
A kinase anchor protein as major substrates for tyrosine
phosphorylation. Dev Biol 180, 284-96 (1996)

253. M. Stoltenberg, M.B. Sorensen, G. Danscher, S. Juhl,
A. Andreasen & E. Ernst: Autometallographic
demongtration of zinc ions in rat sperm cells. Mol Hum
Reprod 3, 763-7 (1997)

254. M. Stoltenberg, M.B. Sorensen & G. Danscher:
Histochemical demonstration of zinc ions in gaculated
semen. Int J Androl 20, 229-36 (1997)

Key words: Tedtis, Sperm, Cacium Channels, Isoforms,
Alternate Splicing, Infertility, Contraception, Environmental
Exposures

Send correspondence to: Susan Benoff, Ph.D., North Shore
University Hospital, 300 Community Drive, Boas-Marks
Biomedical Science Research Center, Room 125,
Manhasset, New York 11030 Td: (516)-562-1049/1050,
Fax: (516)-562-1022, E-mail: sbenoff @nshs.edu

1240



