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Abstract

Gossypol, a male antifertility compound isolated from cotton, has been proved to inhibit capacitation and the acrosome reaction in human

and mammalian sperm. Here, by using whole-cell recording, we observed the effects of gossypol on Ca2+ and Cl� currents in mouse

spermatogenic cells obtained by mechanical dissociation. The results showed that gossypol concentration-dependently and irreversibly

inhibited T-type Ca2+ currents in the cells. When the concentration of gossypol was z 5 AM, the currents were blocked completely. The time

to current block was progressively shortened as the gossypol concentration was increased from 5 to 80 AM. Moreover, the drug increased the

time constant of inactivation in a concentration-dependent manner, while it did not affect the activation of the current. The inhibitory effect on

the T-type Ca2+ current did not correlate with signaling mediated by G proteins and tyrosine phosphorylation. No obvious effect of gossypol

on Cl� currents was observed. These data suggest that the gossypol-induced inhibition of T-type Ca2+ currents could be responsible for the

antifertility activity of the compound, indicating a possibility to use gossypol as a local contraceptive drug. D 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Gossypol, a cotton plant-derived polyphenolic com-

pound, has attracted wide interest due to its non-steroidal

antifertility action inmale.Many studies have been performed

to evaluate its efficacy and safety as a male contraceptive

agent and to clarify its site and mechanism of antifertility

action (Chang et al., 1980; Hadley et al., 1981; Stephens et al.,

1983; Baccetti et al., 1986; Randell et al., 1992).

Ca2+ influx plays an essential role in the initiation of the

acrosome reaction, and it is required for sperm capacitation

and motility (Visconti et al., 1995; Darszon et al., 1999;

Gonzalez-Martinez et al., 2001). It has been shown that the

acrosome reaction is inhibited by Cl� channel blockers and

in Cl� free medium, indicating an important role of the Cl�

channel in the acrosome reaction (Meizel, 1997). Previous

data demonstrated that 5–100 AM gossypol inhibited sperm

motility, capacitation and the acrosome reaction (Shi and

Friend, 1983). The inhibition of Ca2+ uptake by gossypol has

been observed in human spermatozoa plasma membrane

vesicles (Kanwar et al., 1989). However, the effects of

gossypol on Ca2+ channels and Cl � channels in sperm have

not been directly demonstrated by electrophysiological tech-

niques.

Unfortunately, due to the small size, complex geometry

and highly differentiated and motile nature of sperm, it is

difficult to study the ion channels in mature sperm by the

patch-clamp technique directly. T-type Ca2+ channels are

expressed during the meiotic and post-meiotic stages of

spermatogenesis and are retained in mature sperm. These

channels play an important role in the regulation of [Ca2+ ]i
during capacitation and the acrosome reaction (Lievano et

al., 1996; Arnoult et al., 1996, 1999). The existence of volt-

age-gated Cl� channels in spermatogenic cells has been

reported (Espinosa et al., 1998). Thus, the spermatogenic

cell, a developmental precursor of mature sperm, is often

used as a model system to study the effects of agents on the

channel events in mature sperm (Lievano et al., 1996;

Arnoult et al., 1999; Espinosa et al., 1999).

In the present study, the effects of gossypol on the Ca2+

and Cl� channels in spermatogenic cells were investigated.
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The results showed that gossypol concentration-dependently

inhibited Ca2+ channel activity but did not affect Cl� chan-

nel activity.

2. Materials and methods

2.1. Cell preparation

Individual spermatogenic cells were obtained from the

testes of Kunming mice aged more than 90 days (Shanghai

Experimental Animal Center, Chinese Academy of Sciences,

China) by using procedures described previously (Espinosa

et al., 1999). Briefly, the testes were dissected out rapidly

from mice anesthetized with diethyl ether, then decapsulated

in ice-cold dissociation solution (in mM: 120.1 NaCl, 4.8

KCl, 25.2 NaHCO3, 1.2 KH2PO4, 1.2 MgSO4, 1.3 CaCl2, 11

glucose, 1 glutamine, pH 7.2). After removal of the tunica

albuginea, the seminiferous tubules were isolated with for-

ceps and then suspended in Ca2+ -free and DNase (100 Ag/
ml)-containing dissociation solution. Under a stereoscopic

microscope, cells were extruded by manual trituration with

forceps and pipetted repeatedly to disperse them. The dis-

sociated cells were collected by centrifugation at 2000 rpm

for 1.5 min, and then resuspended in Ca2+ -free dissociation

solution containing 0.5% bovine serum albumin and 100 Ag/
ml DNase; the suspension was stored at 4–10 jC until use.

The use of experimental animals was consistent with Euro-

pean Community guidelines.

2.2. Electrophysiological recording and data analysis

An aliquot of the cell suspension was placed in a dish

and incubated at room temperature for 15 min to allow the

cells to attach to the dish bottom, which was coated with

0.1% poly-L-lysine. After being washed twice with the bath

solution, cells were used for whole-cell recording. Two

kinds of spermatogenic cells, pachytene spermatocytes and

round spermatids, were the main cell types obtained and

were routinely used for ion-channel recording (Arnoult et

al., 1998; Espinosa et al., 2000). Similar results were ob-

tained with both cells, and the data were pooled for pre-

sentation.

Ca2+ and Cl� currents were recorded in the whole-cell

configuration of patch-clamp recording (Hamill et al.,

1981). To isolate Ca2+ currents, cells were bathed in a

solution containing (in mM): 10 CaCl2, 130 NaCl, 3 KCl,

2 MgCl2, 1 NaHCO3, 0.5 NaH2PO4, 5 HEPES, 10 glucose,

pH 7.3. The pipette solution was (in mM): 100 CsCl, 10

CsF, 5 EGTA, 5 HEPES, 4 ATP–Mg, 4 phosphocreatine,

pH 7.3 (Espinosa et al., 1999). When Cl� currents were

recorded, the composition of the bath solution and the

pipette solution was (in mM): 130 NaCl, 3 KCl, 2 MgCl2,

1 NaHCO3, 0.5 NaH2PO4, 5 HEPES, 5 glucose, 10 CaCl2,

0.16 amiloride, pH 7.3, and 110 Cs–Methanesulfonate, 10

CsF, 15 CsCl, 2 EGTA, 4 ATP–Mg, 10 phosphocreatine, 5

HEPES, pH 7.3, respectively (Espinosa et al., 1998).

Recording pipettes were pulled from 1.5 mm (outer diam-

eter) capillary tubing on a two-stage vertical puller (PP-83,

Narishige, Japan). The resistance of pipettes was 5–7 MV

when filled with pipette solution. Currents were amplified

with an EPC-7 amplifier (List Medical Electronics, Ger-

many). Evocation and recording of the whole-cell Ca2+

currents were controlled by pCLAMP 6.02 software (Axon

Instrument, USA) running on a computer through an ana-

log-to-digital interface (Digidata 1200, Axon Instrument). A

P/4 pulse protocol was used to minimize the leakage and

capacitive currents. The currents were low-pass filtered at 1

kHz (eight-pole Bessel filter), digitized every 0.1 ms and

analyzed off-line. All recordings were conducted at 20–25

jC room temperature.

Current density was calculated as the ratio of current

to membrane capacity (pA/pF). The time constant of

Ca2+ current inactivation was obtained by fitting the data

to a single-exponential decay function of the form f (t) =

Aexp[� t/H ] +C, where A is an amplitude factor and s is

the time constant of current inactivation. The results are

presented as meansF S.E.M. The difference between two

values was determined by a paired Student’s t-test and

P < 0.05 was considered to be significant.

2.3. Drugs and chemicals

Gossypol, DNase, CsF, CsCl, EGTA, ATP–Mg, HEPES,

phosphocreatine, poly-L-lysine, amiloride, Cs–methanesul-

fonate, tryphostin 47, GTP-gs and GDP-hs were purchased
from Sigma (USA), and bovine serum albumin from Boeh-

ringer Mannheim (Germany). All other chemicals were of

analytical grade.

Stock solutions of gossypol and tyrphostin 47 were

prepared in dimethylsulfoxide (DMSO), and those of NiCl,

GTP-gs and GDP-hs were prepared in deionized water.

They were stored at � 20 jC, and freshly diluted with bath

or pipette solution to the desired concentration before

experiments. The drugs were applied using a gravity-fed

multichannel rapid solution changer (RSC-200, Bio-Logic

Science Instrument, France). The final concentration of

DMSO in the bath solution did not exceed 0.1% (v/v).

Control experiments showed that 0.2% DMSO did not

affect Ca2+ and Cl� currents in spermatogenic cells, n = 3.

3. Results

When a spermatogenic cell was given designed depola-

rizing test pulses, a series of evoked current traces was

recorded, and then the I–V curve, i.e., the amplitude of the

peak current-holding potential relationship, was obtained.

As shown in Fig. 1A and B, the inward Ca2+ current started

to be activated at � 60 mV; it reached a maximum near

� 20 mV and with a mean current density of 11.41F 0.81

pA/pF (n = 30). There were few steady state components in
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the current. After perfusion with 200 AM Ni2+ -containing

solution, the current was significantly inhibited (n = 3, Fig.

1C). The low voltage-activated, fast inactivating, steady

state component-free and Ni2+ -sensitive current showed

properties typical of the T-type current. This is in accord-

ance with previous reports that there are only T-type Ca2+

channels in spermatogenic cells (Arnoult et al., 1996, 1998;

Lievano et al., 1996; Santi et al., 1996; Espinosa et al.,

2000). To isolate the Cl� current, the cell was given a

prepulse of � 40 mV to inactivate inward currents before a

series of depolarizing test pulses was given. The evoked Cl�

currents with outward rectification and a reversal potential of

near � 10 mV were similar to those previously reported

(Espinosa et al., 1998).

3.1. Concentration-dependent and irreversible inhibition of

the T-type Ca2+ current

Based on the previous data that 5–100 AM gossypol

significantly inhibited the acrosome reaction, capacitation

and motility of human sperm (Shi and Friend, 1983), in this

study we chose a similar concentration to observe the effect

of the drug on T-type Ca2+ currents in mouse spermatogenic

cells. It was found that when cells were perfused with a

gossypol (z 5 AM)-containing bath solution, the currents

evoked by depolarization to � 20 from � 90 mV were

progressively reduced with prolongation of the drug appli-

cation time, until they disappeared completely. Taking the

effect of 40 AM gossypol shown in Fig. 2A as an example,

the current decreased to 55% of control 1 min after drug

application and was completely blocked within 3 min. Even

Fig. 2. Gossypol-induced inhibition of T-type Ca2+ currents. (A) An ex-

ample showing the original records (every 20 s) in a spermatogenic cell

before and after gossypol application and after washing. (B) Time course

of the current decrease after the application of different concentrations of

gossypol. Each point represents the meanF S.E.M. of 3–5 experiments

similar to that shown in panel (A).

Fig. 1. Whole-cell T-type Ca2+ currents in mouse spermatogenic cells. (A)

Original records of the currents evoked by a series of depolarizing pulses

from a holding potential of � 90 mV to test potentials between � 70 and

+ 20 mV, in 10-mV increments. (B) I–V curve for the currents (n= 10). (C)

Inhibitory effect of 200 AM Ni2+ on the current.
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a 10-min washing period with drug-free solution did not

reverse the blockade, demonstrating the irreversibility of the

effect (Fig. 2A).

The effect was concentration-dependent. At a concen-

tration of 1–2 AM, the current did not change, but it almost

disappeared within 7 min of 5 AM gossypol application.

This indicates that the threshold concentration of the drug to

inhibit T-type Ca2+ current was very near its concentration

to completely block the current. When the concentration of

gossypol was higher than 5 AM, the time to block the

current sharply shortened, and it was difficult to reach a

stable inhibition level, as shown in Fig. 2B.

3.2. Delaying inactivation of the current

In spermatogenic cells, the time constant of inactivation

(sh), measured by fitting a single exponential to the decay

phase of the current evoked by a depolarizing pulse from

� 90 to � 20 mV, was 10.84F 0.42 ms (n = 30). Accompa-

nying the decrease of the current amplitude, a gossypol-

induced prolongation of inactivation of the current was

observed (Fig. 3). For example, 100 s after addition of 40

AM gossypol, sh increased from 9.95 to 15.26 ms (Fig. 3A).

The effect was concentration-dependent. As shown in Fig.

3B, 80 AM gossypol caused a 1.5-fold increase within 30 s.

However, the activation of the current was not affected

significantly. Before and 100 s after gossypol (5–80 AM)

application, the time to peak (tp) of the current was

7.42F 0.36 and 7.67F 0.51 ms (P > 0.05, n = 30), respec-

tively.

3.3. Drug-induced effects are not related to G proteins or

tyrosine kinase

Previous data showed that Ca2+ channels were modulated

by G protein-mediated pathways of signal transduction

(Hille, 1994), and that T-type Ca2+ channels in mouse

Fig. 3. Concentration-dependent prolongation of inactivation of Ca2+ cur-

rents induced by gossypol. (A) An example shows progressive enhance-

ment of the inactivation time constant (sh) and no change of the time to

peak (tp) 100 s after 40 AM gossypol application. The dashed lines are the

fitted results with single exponential equation. (B) Change of sh vs. con-

centration of gossypol. Each point is the meanF S.E.M. of five experiments

30 s after application of gossypol as shown in panel (A). *P < 0.05,

**P < 0.01 vs. control.

Fig. 4. Lack of correlation of the inhibitory effect of gossypol with G

proteins and tyrosine kinase. The time to block Ca2+ currents by gossypol

(40 AM) was not affected by GTP-gs and GDP-hs (500 AM in pipette) or

by tryphostin 47 (100 AM in bath), n= 3, P > 0.05.
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spermatogenic cells were down-regulated by activation of

tyrosine kinase (Arnoult et al., 1997). In this study, we in-

vestigated the effects of GTP-gs and GDP-hs, an activator

and an inhibitor of G proteins, respectively, on the gossypol-

induced inhibition of T-type Ca2+ currents. The results

showed that intracellular addition of 500 AM GTP-gs or

GDP-hs did not change the time to current block by gossy-

pol (P>0.05). Another group of experiments was per-

formed to observe the effect of tyrphostin 47, an inhibitor

of tyrosine kinase, on the gossypol-induced inhibition. Bath

application of 10 AM tyrphostin 47 caused a slight increase

of the Ca2+ currents (data not shown), as reported in a pre-

vious study (Arnoult et al., 1997). However, the time to

current block by gossypol alone or by gossypol and tyr-

phostin 47 was not significantly different, indicating that

tyrphostin 47 did not affect the gossypol-induced inhibition

of Ca2+ channels (P>0.05). These results are summed up

in Fig. 4.

3.4. No effect on Cl� currents

When a cell held at � 40 mV was given a series of

designed test pulses ranging from � 60 to + 100 mV, Cl�

currents were recorded and then the I–V curve was plotted.

The effect of gossypol on Cl� channels was tested by

observing the amplitude change of the current after perfu-

sion of the drug. As shown in Fig. 5, the amplitude of the

currents before and 2 min after 100 AM gossypol application

was 25.85F 6.74 and 27.05F 7.97 pA/pF, respectively

(P>0.05, n= 3). The results showed that gossypol did not

affect Cl� channel activity.

4. Discussion

Previous data showed that gossypol inhibited the motility,

capacitation and acrosome reaction of sperm, and affected

spermatogenesis in the testes and hormone levels in males

(Shi and Friend, 1983; Baccetti et al., 1986; Vranova et al.,

1999). It was found that as a key step in sperm–oocyte

membrane fusion, the acrosome reaction was inhibited by

Ca2+ channel blockers and in Ca2+ -free solution (Visconti et

al., 1995; Darszon et al., 1999; Gonzalez-Martinez et al.,

2001). In the present study, a concentration-dependent block-

ade of the T-type Ca2+ current by gossypol was demons-

trated. The results suggested that the gossypol-induced

blockade of Ca2+ channels could be responsible for its in-

hibition of the acrosome reaction and the capacitation of

sperm and hence for the antifertility capacity of the drug.

Voltage-gated Ca2+ channels can be regulated through G

protein-mediated signaling (Hille, 1994), and a down-mod-

ulation of T-type Ca2+ channel activity by activation of

tyrosine kinase was reported in spermatogenic cells (Arnoult

et al., 1997). However, in this study, neither GTP-gs and

GDP-hs, nor an inhibitor of tyrosine kinase was found to af-

fect the blocking effect of the drug on T-type Ca2+ channels

in spermatogenic cells. Our findings indicate that the gossy-

pol-induced blockade of channels is not mediated by these

signal transduction pathways. Considering that gossypol is

liposoluble and its blocking effect is time-dependent, we

believe its mechanism of action could involve drug-induced

microenvironment and conformational changes that inhibit

the channels. Consistent with this possibility, a previous

study, which reported an inhibition of Ca2+ uptake in human

spermatozoa plasma membrane vesicles by gossypol, sug-

gested that the inhibition was similar to that of phosphatidyl

choline and could result from a change of the lipid micro-

environment of the membrane (Kanwar et al., 1989).

The idea of using gossypol as a clinical long-term con-

traceptive drug administrated orally has been given up due

to its side effects, such as hypokalemia, weakness and ir-

reversible azoospermia (Shi et al., 1987). This is in spite of a

few studies that suggested the possibility that gossypol

causes infertility without side effects at lower dosages (Gu

et al., 2000). However, since gossypol blocks T-type Ca2+

channels at lower concentrations, similar to those effective

against the acrosome reaction and capacitation of a sperm, it

would be possible to use the drug locally as an emergency

vaginal contraceptive drug. Furthermore, the method to

measure the effect of a drug on Ca2+ currents in sperma-

togenic cells could be used for preliminary screening of a

male contraceptive compounds.

In summary, gossypol blocked T-type Ca2+ channels in

spermatogenic cells at concentrations similar to those that

inhibit the sperm acrosome reaction and capacitation. These

results suggest the possibility that gossypol could be admin-

istrated locally as an emergency contraceptive drug.
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