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    Abstract

The effects of pharmacological agents on the T-type Ca2+current were studied in dissociated spermatogenic cells from the mouse. Ca2+ currents were elicited by depolarization in 10 mm Ca2+ and recorded in the whole-cell configuration of the patch clamp technique. The T-type current was inhibited by the following compounds: PN200–110 (IC50 = 4 × 10−8 M) > nifedipine (IC50 = 4 × 10−7 M) > pimozide (IC50 = 4.6 × 10−7 M) > mibefradil (IC50 = 5 × 10−6 M) > Ni2+ (IC50 = 3.4 × 10−5 M) > verapamil (IC50 = 7 × 10−5 M) > amiloride (IC50 = 2.4 × 10−4 M) > Cd2+ (IC50 = 2.8 × 10−4 M). However, the agents differed in the reversibility and the use dependence of their effects. Currents recovered rapidly and completely after removal of Ni2+, Cd2+, amiloride, or mibefradil, whereas recovery from verapamil block was rapid but incomplete. In contrast, we observed little recovery after the removal of pimozide and of the dihydropyridines (PN200–110, nifedipine). Moreover, mibefradil and pimozide exhibit a strongly use-dependent inhibition of current that is due to selective interaction of these drugs with the open state and the inactivated state of the channel, respectively, rather than with the resting state. These properties of the spermatogenic T-type Ca2+ channel differ from those of somatic cell T channels and suggest a molecular diversity of low voltage-activated Ca2+ channels.


Two classes of voltage-sensitive Ca2+ currents are defined based on their biophysical and pharmacological properties. The high voltage-activated class of currents share a requirement for a strong depolarization to evoke opening. This broad class is composed of L-, N-, P-, Q-, and R-type subclasses, many of which exhibit characteristic pharmacological properties. For example, L-type currents are selectively inhibited by low concentrations (nanomolar) of 1,4-dihydropyridines, N-type currents by ω-conotoxin GVIA, P-type currents by low concentrations of ω-conotoxin MVIIC and by high concentrations (micromolar) of agatoxin IVA, and Q-type currents by low concentrations of agatoxin IVA. These inhibitory signatures permit the identification of high voltage-activated currents based on pharmacological properties and facilitate the rational design of antagonists.
In contrast, a T-type low voltage-activated current has been identified in a variety of tissues. This current is evoked by weak depolarizations and contributes to diverse physiological processes, including cardiac pacemaker activity (Irisawa et al., 1993), spontaneous oscillatory activity in thalamic bursting neurons (Huguenard and Prince, 1992), cortisol secretion (Enyeart et al., 1993), spontaneous activity during neuron development (Gu and Spitzer, 1993), and the control of mammalian sperm acrosome reaction during fertilization (Arnoult et al., 1996a).
An understanding of the structure and function of this channel is limited by the absence of potent antagonists that inhibit T currents with high specificity. The usefulness of available antagonists is limited by (1) low specificity, as in the case of amiloride; (2) limited selectivity, as in the case of ethosuximide (Coulter et al., 1989) and other agents that act only on a subset of T currents; or (3) by a complex pharmacology, as in the case of the 1,4-dihydropyridines, which have no effect on some T currents (Foxet al., 1987) while inhibiting others with high potency [IC50 ≤ 1 μm (hypothalamic neurons, Akaike et al., 1989a; aorta smooth muscle, Akaikeet al., 1989b; CA1 pyramidal neurons, Takahashi and Akaike, 1991; dorsal root ganglion, Richard et al., 1991; atrial myocytes, Cohen et al., 1992; and spermatogenic cells,Arnoult et al., 1996a, Santi et al., 1996)] yet others with lower potency [IC50 ∼ 10 μm (Bean, 1985)]. Recently, it was suggested that pimozide, a diphenylbutylpiperidine, and mibefradil, a benzimidazolyl-substituted tetraline derivative, inhibit T-type Ca2+ currents under conditions in which high voltage-activated Ca2+ currents are unaffected. However, these studies focused on a limited array of cell types; for example, the effects on T currents of pimozide and mibefradil have been described in the adrenal zona fasciculata cells (Enyeart et al., 1993) and on smooth muscle (Mishra and Hermsmeyer, 1994), respectively. It is necessary to examine the effects of these agents on a broader range of preparations to assess their use as T channel antagonists.
We studied the role of sperm T channels in fertilization. The sperm acrosome reaction is a Ca2+-dependent secretory event that must be completed before fertilization (Yanagimachi, 1994). In mammals, acrosome reactions are initiated by sperm contact with the extracellular matrix of the egg, or zona pellucida. The signal transducing mechanism activated by the zona pellucida includes an essential induction of a T-type Ca2+ current, and the secretion of acrosome is inhibited by T channel antagonists (Arnoult et al., 1996a). Moreover, it has been reported that the 1,4-dihydropyridines antagonists of T- and L-type Ca2+ channels may have a male contraceptive effect (Benoff et al., 1994; Hershlag et al., 1995). Although this channel is central to fertilization and provides a new target for contraceptive intervention, an extensive pharmacological analysis of the T-type Ca2+ current of male germ cells has not been performed. Here, we report the effects of a range of T channel antagonists on this current, focusing particularly on pimozide and mibefradil. There were three objectives of this study: (1) to identify the potent inhibitors of the T-type Ca2+ current in spermatogenic cells; (2) to begin to evaluate the possibility of effects on the germ cell T channel, and hence a possible antifertility effect, after clinical use of these drugs; and (3) to examine the use dependence of pimozide and mibefradil.

Materials and Methods




Cell preparation.

Seminiferous tubules were isolated from the testes of CD-1 mice (16 weeks old; Charles River Laboratories, Wilmington, MA) and incubated at 37° for 30 min in 3 ml of a solution containing 150 mm NaCl, 5 mm KCl, 2 mm CaCl2, 1 mmMgCl2, 1 mmNaH3PO4, 12 mmNaHCO3, 11 mmd-glucose, pH 7.3, and collagenase type IA (1 mg/ml; Sigma Chemical, St. Louis, MO). Tubules were rinsed twice in collagenase-free medium and cut into 2-mm sections. Spermatogenic cells were obtained by manual trituration and attached to culture dishes coated with Cell-Tak (Collaborative Biomedical Products, Bedford, MA). Pachytene spermatocytes and round spermatids are the prominent cell types obtained from the diploid meiotic and haploid postmeiotic stages of spermatogenesis, respectively. These cells are readily distinguished based on cellular and nuclear morphology (Romrell et al., 1976; Arnoultet al., 1996a). These stages are routinely used for electrophysiological recording; similar results were obtained with both stages, and the data are pooled for presentation.



Electrophysiological recordings.

Ca2+currents were recorded in the whole-cell configuration of patch-clamp technique and analyzed using Biopatch (BioLogic, Claix, France). Pipettes were pulled from Corning 7052 glass (Gardner Glass, Claremont, CA), coated with Sylgard 184 (Dow Corning, Midland, MI), and fire polished. Pipette resistance was 5–7 MΩ. Currents were obtained with an Axopatch 1D amplifier (Axon Instruments, Foster City, CA). All traces were corrected for leak and capacitance currents, filtered at 2 kHz, and digitized every 0.1 msec. Other details of the voltage protocols used here are provided in Results. Data typically are expressed as peak current amplitude values. However, in some cases, current densities were calculated from measured current amplitude, based on measured cell diameters and assuming spherical shape.

The pipette solution was designed to eliminate all K+ currents and consisted of 130 mmCs-glutamate, 5 mm d-glucose, 10 mm HEPES, 2.5 mm MgCl2, 20 mm TEA-Cl, 4 mm Mg2ATP, and 10 mmEGTA-Cs, pH 7.2 (adjusted with 1 n CsOH). For experiments, the bath solution was changed to a recording solution that consisted of 100 mm NaCl, 5 mm KCl, 10 mmCaCl2, 1 mmMgCl2, 26 mm TEA-Cl, 6 mmNa-lactate, 10 mm HEPES, and 3.3 mmd-glucose, pH 7.4 (adjusted with 1 n NaOH). The cells are isolated in a 1-ml chamber and perfused at a rate of 4–8 ml/min. All experiments are done at room temperature (∼25°).

Stock solutions of nifedipine, PN200–110 (Novartis, East Hanover, NJ), and fluspirilene were prepared in dimethylsulfoxide, and pimozide stocks were prepared in ethanol. Dimethylsulfoxide concentrations were <0.01% in all cases. Control experiments demonstrated that this solvent had no effect on Ca2+ current amplitude even at concentrations of 0.02% (seven experiments). Free Ni2+ and Cd2+concentrations were corrected for binding by lactate using the ALEX program (Vivaudou et al., 1991). Mibefradil was a gift from J.-P. Clozel and S. Bottari.





Results

A T-type Ca2+ current is the only Ca2+ current that is detected in dissociated mouse spermatogenic cells using the whole-cell configuration of the patch-clamp (Hagiwara and Kawa, 1984; Arnoult et al., 1996a;Lievano et al., 1996; Santi et al., 1996). The biophysical characteristics of this current were described previously (Arnoult et al., 1996a) and may be summarized as follows: during depolarization from holding potentials below −80 mV, the current has an activation threshold of −60 mV and a peak current at −20 to −30 mV and exhibits pronounced voltage-dependent inactivation (V1/2 = −70 mV). The amplitude of this T-type Ca2+ current also is subject to positive modulation by voltage- and tyrosine phosphatase-dependent mechanisms and to negative modulation by a tyrosine kinase-dependent mechanism (Arnoult et al., 1997).




T current inhibition: potency studies.

The effects of inhibitors of both T- and L-type currents of somatic cells on the spermatogenic cell T current were determined (Fig.1). T-type current inhibitors included Ni2+, Cd2+, amiloride, pimozide, fluspirilene, and mibefradil, whereas L-type current inhibitors included 1,4-dihydropyridines (PN200–110, nifedipine) and verapamil. Whole-cell currents were recorded in 10 mm Ca2+ during 100-msec depolarizations from a holding potential of −90 mV to a test potential of −20 mV (frequency, 0.1 Hz). During 10-min control experiments, the rundown of peak current was frequently undetectable and always <15%, even at stimulation rates of 1 Hz.
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Figure 1 
Dose-response relationships for the inhibition of peak current amplitude by T channel antagonists. Data represent the mean ± standard error inhibition of one to eight challenges and were fit with the equation I = (Imax × [C])/(k50 + [C]), where I is the inhibition of current (percent of control), Imax is the maximum inhibition, k50 is the inhibitory constant, and [C] is the inhibitor concentration. Calculatedk50 values are indicated. All data are obtained by depolarizing cells from a holding potential of −90 mV to a test potential of −20 mV at a rate of 0.1 Hz in an external solution containing 10 mm Ca2+. A, Nickel (•) and cadmium (○). B, Amiloride. C, Pimozide inhibition was determined from inhibition of the peak current density after incubation of the cells with the drug for ≥15 min. Current density is 5.20 ± 0.25 μA/cm2 (27 experiments) in control solution and 3.63 ± 0.28 (5 experiments), 2.52 ± 0.14 (8 experiments), 1.5 ± 0.55 (5 experiments), and 0.05 ± 0.05 (5 experiments), in presence of 0.25, 0.5, 1, and 5 μm pimozide, respectively. D, Mibefradil. E, PN200–110. F, Verapamil.





The spermatogenic cell Ca2+ current is inhibited by Ni2+ and Cd2+. The respective IC50 values of 34 and 285 μm (Fig. 1A) are characteristic of somatic cell T currents (Fox et al., 1987; Herrington and Lingle, 1992). The germ cell current is also inhibited by amiloride (IC50 245 μm; Fig. 1B). Somatic cell T currents vary widely in their sensitivity to amiloride, with reported IC50 values ranging from <50 μm (Tang et al., 1988) to ∼1 mm(Herrington and Lingle, 1992), but many T currents exhibit a sensitivity similar to that of the channel in spermatogenic cell (Hirano et al., 1989; Behe et al., 1990; Tytgatet al., 1990). Thus, the spermatogenic cell T-type Ca2+ channel is similar to those in many somatic tissues with regard to the effects of these agents.

Pimozide is a diphenylbutylpiperidine that acts as a neuroleptic agent. Its therapeutic use is principally due to its effects on dopaminergic transmission. However, pimozide also inhibits T currents in some somatic cell preparations and spermatogenic cells (IC50 = 0.46 μm, Fig. 1C; Arnoultet al., 1996a). A related diphenylbutylpiperidine, fluspirilene, also inhibits T currents in spermatogenic cells (Fig.2D). The observed inhibitory potency of diphenylbutylpiperidines is similar to that detected in adrenal zona fasciculata cells (IC50 for pimozide ∼ 0.5 μm; Enyeart et al., 1993) and thyroid carcinoma cells (IC50 for penfluridol ∼ 0.2 μm; Enyeart et al., 1992). In contrast, T currents from GH3 clonal pituitary cells are relatively insensitive to diphenylbutylpiperidines (Herrington and Lingle, 1992).
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Figure 2 
Kinetics of onset and reversibility of current inhibition by T channel antagonists. All data were obtained by depolarizing the cell from a holding potential of −90 mV to a test potential of −20 mV in an external solution containing 10 mm Ca2+. Rate of depolarization was 0.1 Hz for mibefradil and nifedipine, 0.2 Hz for amiloride and verapamil, and 0.5 Hz for fluspirilene. D arrows, starting time of cell perfusion by the drug solution. W arrows, end of the cell perfusion by washing the drug solution with the recording standard solution.





The kinetics of diphenylbutylpiperidine effects are complex and are determined by both drug concentration and stimulation rate. For example, at a concentration of 5 μm, 100% of the current is inhibited within 3 min (Fig. 2D) but 10 min is required to reach the steady state inhibition after the application of a <1 μmconcentration of these drug. Fig. 3A illustrates the slow binding of 200 nm pimozide at a rate of depolarization of 0.2 Hz, under these conditions, up to 8 min is required for a steady state inhibition. We have found that some rundown of current occurs during the time course of inhibition when using low concentrations of pimozide (<500 nm). This may complicate assessment of drug-dependent inhibition. To avoid such complications, we determined IC50 values from inhibition of the peak current density after incubation of the cells with the drug for ≥15 min.
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Figure 3 
Use dependence of T current inhibition by pimozide and mibefradil. A, Cell was depolarized from a holding potential of −90 mV to a test potential of −20 mV at a rate of 0.2 Hz in an external solution containing 10 mm Ca2+. A reproducible peak T current is evoked by application of this voltage protocol in the absence of pimozide. Pimozide is added by perfusion (shaded bar) and leads to an inhibition of T current that reaches a steady state level of 45% inhibition by 400 sec. Switching depolarization frequency to 0.5 Hz (bar) results in further inhibition of T currents to a final level of ∼70%. A partial reversal of this use-dependent inhibition is noted when stimulation is curtained for 10 sec (arrow). B, An experimental protocol similar to that shown in A was carried out with 2.5 μm mibefradil. Inhibition of T current increased from 31% during 0.1 Hz stimulation to 70% at 1 Hz stimulation. Complete reversal of use-dependent inhibition occurred during 10-sec recovery period (arrow). Current traces adjacent to B illustrate the use dependence of T current inhibition as stimulation frequency is increased from 0.1 Hz (lowest trace) to 1 Hz.





Recently, the results of studies on Ca2+ currents in vascular smooth muscle have suggested that mibefradil may inhibit T-type currents with an IC50 value of ∼0.1 μm, whereas 10–100-fold higher concentrations are required to inhibit L-type, high voltage-activated Ca2+ channels (Mishra and Hermsmeyer, 1994a). However, a limited range of cell preparations have been characterized, and the reported potency of this drug varies widely. In the case of thyroid carcinoma cells, mibefradil inhibits T current with lower potency (IC50 ∼ 2.7 μm; Mehrkeet al., 1994) and cannot discriminate between T-type andL-type currents. As shown in Fig. 1D, relatively high concentrations of mibefradil are required to inhibit the T current of mouse spermatogenic cells (IC50 ∼ 4.7 μm). At these concentrations, mibefradil also inhibits high voltage-activated Ca2+ channels (Bezprozvanny and Tsien, 1995).

The 1,4-dihydropyridine class of Ca2+antagonists, which accomplish their therapeutic action principally by inhibiting the L-type high voltage-activated current, also are known to inhibit T-type currents in both somatic (Akaike et al., 1989a, 1989b; Richard et al., 1991; Takahashi and Akaike, 1991; Cohen et al., 1992) and male germ (Arnoultet al., 1996a; Lievano et al., 1996; Santiet al., 1996) cells. PN200–110 produces a half-maximal inhibition of the germ cell current at 40 nm and had a maximal effect at ∼200 nm (Fig. 1E), whereas nifedipine produced half-maximal and maximal inhibition at 0.5 and 2 μm, respectively (not shown). These agents block T currents slowly, with 3–4 min required to reach steady state inhibition (Fig. 2C). The time course of inhibition is not dependent on 1,4-dihydropyridine concentration (data not shown), unlike the case of diphenylbutylpiperidines. However, the inhibition produced by PN200–110 and nifedipine is complex, and even at higher drug concentrations, both agents reduced the spermatogenic cell T current by a maximum of only 50% (Fig. 1E). The basis for this partial inhibition is not understood.

Verapamil is an arylalkylamine Ca2+ antagonist that acts principally by inhibiting L-type high voltage-activated Ca2+ currents. However, this agent is similar to the 1,4-dihydropyridines in that it also inhibits the T current of spermatogenic cells (IC50 ∼ 70 μm; Fig. 1F).



T current inhibition: reversibility.

The experimental and clinical use of Ca2+ antagonists is dependent on recovery of current after drug removal. In the case of the T channel antagonists, this is particularly relevant with regard to evaluating the possibilities of an antifertility effect. Antagonists that dissociate slowly may block the sperm acrosome reaction induced by egg contact, resulting in compromised fertility. In this regard, we recently demonstrated that PN200–110, a 1,4-dihydropyridine, produces a sustained inhibition of the germ cell T current after drug removal (Arnoult et al., 1996a). We suggested that the resulting inhibition of the acrosome reaction (Arnoult et al., 1996a) may account for the reported infertility of men treated with these drugs (Benoff et al., 1994; Hershlag et al., 1995).

We therefore determined the reversibility of spermatogenic cell T currents after drug removal. Three broad groups of antagonists were identified based on these reversibility studies. The first group is composed of agents in which recovery of current is complete and includes Ni2+, Cd2+ (not shown), amiloride (Fig. 2A), and mibefradil (Fig. 2B). Although the time courses of recovery vary among these compounds (see Fig. 2, A and B), in all cases there is complete reversal of inhibition. In this regard, complete recovery of current after removal of amiloride also is a characteristic of somatic cell T currents (Tang et al., 1988; Tytgat et al., 1990).

A second group of antagonists produces a sustained inhibition of T current in which recovery either is not observed or occurs very slowly. This class includes the 1,4-dihydropyridines, PN200–110 (Arnoultet al., 1996a) and nifedipine (Fig. 2C), and the diphenylbutylpiperidines, fluspirilene (Fig. 2D) and pimozide (not shown). The lack of recovery from fluspirilene (3 experiments) and pimozide (10 experiments) treatment after extensive washing was in marked contrast to the response in certain somatic cells, in which complete recovery is observed (Enyeart et al., 1992). This rate of recovery was not affected by membrane hyperpolarization (not shown). Finally, a third pattern of recovery is illustrated by verapamil. A fraction (∼50%; five experiments) of the T current recovers rapidly (t1/2 ∼ 40 sec; Fig. 2E), whereas there is little recovery of the remaining current during a 10-min wash.



Use-dependent block by pimozide and mibefradil.

It is understood that drug potency may be modified by a variety of factors, including charge carrier concentration and rate of stimulation. Among the drugs shown in Fig. 1, only mibefradil, verapamil, and diphenylbutylpiperidines were characterized by their use-dependent inhibition. The inhibition of the T current by dihydropyridines was not enhanced by increasing the rate of stimulation, unlike withL-type Ca2+ channels (Bean, 1984;Kamp et al., 1989). We therefore examined the use-dependency of two T channel antagonists: pimozide and mibefradil. In these experiments, peak current amplitude was determined after depolarization from a holding potential of −90 mV to a test potential of −20 mV in the presence or absence of T channel antagonists.

A stable, inward Ca2+ current is evoked by low frequency depolarization (0.1–0.2 Hz) of spermatogenic cells (Fig. 3, A and B; Arnoult et al., 1996a, 1997). There is considerable variation in the amplitude of this current between spermatogenic cells, as illustrated by a comparison of Fig. 3A (90–100 pA) and 3B (130–140 pA). These differences in amplitude may be due to several factors, including (1) cell size, which decreases as cells progress through spermatogenesis (Romrell et al., 1976), and (2) T channel modulation state (Arnoult et al., 1997). However, the current evoked in a cell by low frequency depolarization (∼0.1 Hz) is highly reproducible.

The addition of 0.2 μm pimozide (Fig. 3A) or 2.5 μm mibefradil (Fig. 3B) produced a progressive inhibition of the T current. However, increasing the frequency of depolarization resulted in an enhanced rate of current inhibition. In the case of pimozide, the level of inhibition increased from 45% to 70% at a depolarization frequency of 0.5 Hz, and mibefradil-dependent inhibition increased from 45% to 70% at a depolarization frequency of 1 Hz. The enhanced inhibitory potency of these agents was reversed when depolarization frequency was subsequently reduced to 0.1 Hz (Fig. 3, A and B, arrows). Control experiments demonstrated that depolarization frequency at rates ≤2 Hz had no effect on the amplitude of the current in absence of drug (data not shown). Dose-response studies indicate that this enhanced inhibition of current is due to an increase in drug potency. As shown in Fig.4, the IC50 value of mibefradil decreases from 4.71 to 0.85 μm on increase of depolarization frequency from 0.1 to 1 Hz.
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Figure 4 
Effects of stimulation frequency on potency of T current inhibition by mibefradil. Cells are depolarized in presence of mibefradil from a holding potential of −90 mV to a test potential of −20 mV at rates of 0.1, 0.2, and 1 Hz. The external solution contained 10 mm Ca2+. Data were fit with the equation I = (Imax × [C])/(k50 + [C]), where I is the inhibition of T current (percent of control current), Imax is the maximum inhibition,k50 is the inhibitory constant, and [C] the inhibitor concentration. Calculated k50values are indicated.





The use dependence of T current inhibition by diphenylbutylpiperidines, such as pimozide, has been described in other tissues (Enyeart et al., 1992). In contrast, mibefradil has complex effects on Ca2+ currents in somatic tissues. The inhibition of T currents in vascular smooth muscle (Mishra and Hermsmeyer, 1994a) and of the L-type high voltage-activated current in smooth muscle (Mishra and Hermsmeyer, 1994b) exhibits no use dependence. However, a use-dependent inhibition by mibefradil has been observed forL-type currents that are produced by the expression of the α1C channel in Xenopus oocytes (Bezprozvanny and Tsien, 1995).

Use-dependent action typically reflects drug selectivity for either the open or inactivated state of a channel, rather than for the closed state. To assess the influence of channel functional state on inhibitor action, we examined the effects of mibefradil and pimozide as a function of the duration of depolarization. Voltage-dependent inactivation of the T channel occurs during sustained depolarization (45–375 msec), whereas channels can deactivate from the open state directly to the closed state after brief depolarizations (10–15 msec; Fig. 5A).
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Figure 5 
Effects of pulse duration on the inhibition of spermatogenic cell T currents by pimozide and mibefradil. Cells are depolarized from a holding potential of −90 mV to a test potential of −20 mV. A, Representative Ca2+ current trace showing kinetics of voltage-dependent activation and inactivation of the T current. Current is elicited by a depolarizing pulse of 375 msec from a holding potential of −90 mV to a test potential of −20 mV. Voltage-dependent inactivation of the T channel occurs during sustained depolarization (45–375 msec), whereas channels can deactivate from the open state directly to the closed state after brief depolarizations. B, Peak current amplitudes during depolarization at 1 Hz in presence of 0.5 μm pimozide. The duration of depolarizing pulses is switched from 9.3 to 375 msec, as indicated. C, Same experiment carried out with 2 μm mibefradil.





Spermatogenic cell T current amplitude was monitored as a function of pulse duration during depolarization at 1 Hz. Fig. 5B shows that 0.5 μm pimozide has only a minor inhibitory effect on T currents evoked by 9.3-msec pulses: peak current amplitude was decreased by ∼10% within 10 pulses. However, the inhibitory efficacy of this agent increased as pulse duration was lengthened from 9.3 to 375 msec, such that peak current amplitude was decreased by 60–70% after 10 pulses of 375 msec. Pimozide acts with a similar time course at all pulse durations, and the enhancement of inhibition at prolonged pulse durations reflects an increase in the maximal degree of inhibition (Fig. 5B). The effects of pulse duration on the inhibitory efficacy of 2 μm mibefradil are shown in Fig. 5C. Mibefradil produced a 40–50% inhibition of T current amplitude even during brief pulse duration (9.3 msec). Maximal inhibition was observed with pulse durations of 47 msec, and only a minor enhancement was observed as pulse lengths were increased to 375 msec.

Differences between the use dependence of inhibition by pimozide and mibefradil were explored in a second series of experiments. Spermatogenic cells were incubated with 0.5 μm pimozide or 1 μm mibefradil (Fig.6). A steady state level of inhibition was established during low frequency depolarization (0.1 Hz) from holding potential (−90 mV) to a −20-mV test potential. T current amplitude inhibition then was determined during a series of 10 pulses of 47-msec duration at a frequency of 1 Hz (Fig. 6, A and B,closed symbols). After a 20-sec recovery period, this protocol was repeated on the same cell, although the pulse duration was lengthened to 188 msec (Fig. 6, A and B, open symbols).

[image: Figure 6]
[image: Figure 6]


	Download figure
	Open in new tab
	Download powerpoint


Figure 6 
Effects of pulse duration on the inhibition of spermatogenic cell T currents by pimozide and mibefradil. Cells are depolarized from a holding potential of −90 mV to a test potential of −20 mV. A and B, Test cells are incubated with (A) 0.5 μm pimozide or (B) 1 μm mibefradil, and steady state inhibition was established by stimulation at 0.1 Hz. Cells then are stimulated by a train of 10 pulses of 47-msec duration at a frequency of 1 Hz, allowed to recover during 20 sec, and stimulated with a train of 10 pulses of 188-msec duration at a frequency of 1 Hz. The degree of pimozide inhibition is greater with 188-msec pulses (○) than with 47-msec pulses (•); however, pulse duration has no effect on inhibition by mibefradil. C and D, Montage of the first and last (∗) current traces obtained during a train of 10 pulses (1 Hz) of 47- and 188-msec duration in the presence of (A) 0.5 μmpimozide or (B) 1 μm mibefradil.





The inhibitory effects of both drugs were maximal after four or five pulses. However, the degree of pimozide inhibition was greater when the longer pulse duration protocol was used. This is shown in Fig. 6C, which compares the current traces after the first and the 10th (*) depolarizing pulses in these voltage trains. Pimozide inhibited the T current by ∼60% during trains of 188-msec depolarizing pulses but had little effect (<25%) during 47-msec pulse trains. In contrast, the inhibitory effects of 1 μm mibefradil are not altered by this 4-fold increase in pulse duration (Fig. 6, B and D). These observations strongly suggest that use-dependence inhibition of pimozide is likely due to the presence of a high affinity site on the inactivated state of the channel with the drug and that use-dependence inhibition of mibefradil is principally due to the presence of a high affinity site on the open state of the channel. In addition, mibefradil binds to the inactivated state of channel, with lower affinity (Fig.5B).





Discussion

Mouse spermatogenic cells express a T-type Ca2+ current, but high voltage-activated Ca2+ currents are not detected (Hagiwara and Kawa, 1984; Arnoult et al., 1995, 1996a; Lievano et al., 1996; Santi et al., 1996). This preparation provides a relatively simple model in which to examine the regulation and function of T channels. The present study provides the first analysis of the actions of T channel antagonists in this new model system.

Diphenylbutylpiperidines and 1,4-dihydropyridines are potent inhibitors of the spermatogenic cell T current, whereas the current is less sensitive to inhibition by mibefradil, amiloride, or Cd2+. The rank order of potency for the inhibition of the T current of spermatogenic cells is PN200–110 > pimozide ≫ mibefradil. In particular, 1,4-dihydropyridines are potent inhibitors of the spermatogenic cell, with PN200–110 and nifedipine producing half-maximal effects at 40 nm and <1 μm, respectively. Under saturation conditions, drugs of this class reduce the spermatogenic cell T current by only 50%. Currently, the mechanisms that underlie these complex inhibitory effects of 1,4-dihydropyridines are not well understood. These features differ in certain respects from those anticipated at T-type channels, whereas mibefradil and the diphenylbutylpiperidine pimozide are expected to act as potent, high affinity antagonists with IC50 values for current inhibition of 100 nm (Mishra and Hermsmeyer, 1994) and 250 nm(Enyeart et al., 1992, 1993), respectively, and 1,4-dihydropyridines are low affinity antagonists (IC50 = 1–10 μm; (Akaike et al., 1989a, 1989b; Richard et al., 1991; Takahashi and Akaike, 1991; Cohen et al., 1992).

A second unanticipated feature of the pharmacology of T channels in spermatogenic cells is that the 1,4-dihydropyridines and diphenylbutylpiperidines act as irreversible or slowly reversible antagonists. We have shown previously that the T channel of spermatogenic cells is retained on sperm after differentiation and is activated by adhesive contact with the extracellular matrix of the egg during induction of the sperm acrosome reaction (Arnoult et al., 1996a). Because acrosome reactions must be completed before fertilization (Yanagimachi, 1994) and T channel antagonists inhibit the egg-induced acrosome reaction (Arnoult et al., 1996a), it follows that such channel blockers may have a contraceptive effect. In this regard, a contraceptive action in males has been ascribed to 1,4-dihydropyridine Ca2+ antagonists (Benoffet al., 1994; Hershlag et al., 1995), and it is plausible that these agents function by inhibiting sperm T channels (Arnoult et al., 1996a).

The therapeutic application of 1,4-dihydropyridines as antagonists ofL-type high voltage-activated Ca2+currents requires plasma concentrations of 50–500 nm(Opie, 1997). In contrast, T currents from several somatic tissues are inhibited by 1–10 μm 1,4-dihydropyridines. Consequently, this class of drugs is thought to act principally through inhibition of the L-type channel. However, the mouse spermatogenic cell T channel is inhibited by PN200–110 and nifedipine at concentrations that are within the typical therapeutic dose range in humans. Given the low rate of recovery of T current after removal of 1,4-dihydropyridines, it follows that a channel block imposed by these agents within the male reproductive tract could be sustained during the several hours required for sperm transport, capacitation, and fertilization within the female (Yanagimachi, 1994; Arnoult et al., 1996a). In contrast, the spermatogenic cell T current is relatively insensitive to mibefradil, where therapeutic plasma doses of ∼1 μm (Clozel et al., 1991) would be predicted to reduce currents by only 20% (Fig. 1D). Similarly, therapeutic doses of 200–800 nm verapamil block L channels (Opie, 1997), and at these concentrations, there is no detectable inhibition of the germ cell T current (Fig. 1F). Thus, nondihydropyridine agents may provide a means of imposing an antihypertensive effect without potentially compromising male fertility.

Finally, we have found that the inhibitory effects of both mibefradil and pimozide are use dependent. Voltage-dependent inactivation is a character of Ca2+ channels, including the spermatogenic cell T-type Ca2+ channel (Arnoultet al., 1996a; Lievano et al., 1996; Santiet al., 1996). When spermatogenic cells are stimulated with brief depolarization pulses of 9.3 msec, a duration approximately equal to that required for peak T channel opening (Fig. 5A), channels accumulate in the open state but do not inactivate extensively. In contrast, longer depolarizing pulses permit a greater degree of voltage-dependent inactivation. The results presented in Fig. 5-6 are consistent with a model in which mibefradil and pimozide selectively interact with the open and inactivated states of the spermatogenic cell T channel, respectively. This is in contrast to previous reports in somatic cells that diphenylbutylpiperidines, such as pimozide, selectively bind to the open state of T channels in neural crest-derived cell lines (Enyeart et al., 1992) and that the inhibitory effects of mibefradil are not use dependent (Mishra and Hermsmeyer, 1994a).

The potential pharmacological use of a use-dependent inhibition can be considered with regard to the physiology of mammalian sperm. Sperm differentiate within the testicular seminiferous epithelium, are transported to the epididymides, and are stored before release within the lumen of the cauda epididymides. The Na+/K+ ratio in epididymal plasma is 1 of 2 (Hinton and Palladino, 1995), and media of this composition depolarize sperm membrane potential (Zeng et al., 1995). It is likely that sperm within the cauda epididymides are very sensitive to T channel inhibition by pimozide.

Mammalian sperm must complete an activation process known as capacitation before fertilization in vivo and in vitro (Yanagimachi, 1994). During capacitation, the membrane potential of sperm populations hyperpolarizes from −25 to −60 mV, as reported by potentiometric fluorescent probes (Zeng et al., 1995). The germ cell T channel is partially inactivated at membrane potentials equivalent to that of capacitated sperm (Arnoult et al., 1996a) and hence may be particularly susceptible to inhibition by antagonists that selectively recognize the inactivated state.

Finally, contact of capacitated sperm with ZP3, a glycoprotein constituent of the zona pellucida of the egg, leads to membrane depolarization (Arnoult et al., 1996b) and the activation of T channels (Arnoult et al., 1996a). T channel activation in turn is required for the initiation of the sperm acrosome reaction, a secretory event that must be completed before fertilization (Arnoultet al., 1996a). Sperm remain bound to the zona pellucida for several minutes before the acrosome reaction. It is unknown at present whether ZP3 provides a single depolarizing signal or a train of impulses. In the latter case, it is likely that T channel inactivation occurs during induction of the acrosome reaction. The determination of impulse pattern provided by ZP3 will be essential in an effort to design channel-based antifertility agents.

In conclusion, the T-type Ca2+ channel of the male germ lineage differs from somatic cell T channels in several regards, including a relatively low sensitivity to inhibition by the nondihydropyridine Ca2+ antagonist mibefradil. Moreover, both mibefradil and pimozide inhibit this channel in a use-dependent manner that differs from that reported in neurons and smooth muscle. These observations support the notion that T-type channel are heterogeneous, provide essential preliminary information for the rational design of channel-based contraceptive agents, and offer a rationale for avoiding potential antifertility effects that may be associated with antihypertensive agents.


Footnotes
	
Send reprint requests to: Dr. Christophe Arnoult, Laboratoire de Biophysique Moléculaire et Cellulaire, CEA/Grenoble-DBMS/BMC, 17 rue des Martyrs, 38054 Grenoble Cedex 9, France. E-mail: arnoult{at}dsvgre.cea.fr


	
This work was supported in part by “Association Française contre les Myopathies” (C.A.) and Fondation pour la Recherche Médicale (C.A.). H.M.F. was supported by National Institutes of Health Grant HD32177, and C.A. and M.V. are supported by the Direction des Sciences du Vivant, C.E.A., France.


	Abbreviations:	EGTA
	ethylene glycol bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid
	HEPES
	4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid


		Received December         17, 1997.
	Accepted February         20, 1998.




	The American Society for Pharmacology and Experimental Therapeutics

References
	↵
	Akaike  N, 
	Kanaide  H, 
	Kuga  T, 
	Nakamura  M, 
	Sadoshima  J-I, 
	Tomoike  H

 (1989b) Low-voltage activated calcium current in rat aorta smooth muscle cells in primary culture. J Physiol (Lond) 416:141–160.
OpenUrlPubMed



	↵
	Akaike  N, 
	Kostyuk  PG, 
	Osipchuk  YV

 (1989a) Dihydropyridine-sensitive low-threshold calcium channels in isolated rat hypothalamic neurones. J Physiol (Lond) 412:181–195.
OpenUrlPubMed



	↵
	Arnoult  C, 
	Cardullo  RA, 
	Lemos  JR, 
	Florman  HM

 (1996a) Activation of mouse sperm T-type Ca2+ channels by adhesion to the egg zona pellucida. Proc Natl Acad Sci USA 93:13004–13009.
OpenUrlAbstract/FREE Full Text



	↵
	Arnoult  C, 
	Lemos  JR, 
	Florman  HM

 (1997) Voltage-dependent modulation of T-type calcium channels by protein-tyrosine phosphorylation. EMBO J 16:1593–1599.
OpenUrlCrossRefPubMed



	↵
	Arnoult  C, 
	Zeng  Y, 
	Florman  HM

 (1996b) ZP3-dependent activation of sperm cation channels regulates acrosomal secretion during mammalian fertilization. J Cell Biol 134:637–645.
OpenUrlAbstract/FREE Full Text



	↵
	Bean  BP

 (1984) Nitrendipine block of cardiac calcium channels: high-affinity binding to the inactivated state. Proc Natl Acad Sci USA 81:6388–6392.
OpenUrlAbstract/FREE Full Text



	↵
	Bean  BP

 (1985) Two types of calcium channels in canine atrial cells: differences in kinetics, selectivity and pharmacology. J Gen Physiol 86:1–30.
OpenUrlAbstract/FREE Full Text



	↵
	Behe  P, 
	DeSimone  JA, 
	Avenet  P, 
	Lindemann  B

 (1990) Membrane currents in taste cells of the rat fungiform papilla: evidence for two types of Ca2+ currents and inhibition of K+ currents by saccharin. J Gen Physiol 96:1061–1084.
OpenUrlAbstract/FREE Full Text



	↵
	Benoff  S, 
	Cooper  GW, 
	Hurley  I, 
	Mandel  FS, 
	Rosenfeld  DL, 
	Scholl  GM, 
	Gilbert  BR, 
	Hershlag  A

 (1994) The effect of calcium ion channel blockers on sperm fertilization potential. Fertil Steril 62:606–617.
OpenUrlPubMed



	↵
	Bezprozvanny  I, 
	Tsien  RW

 (1995) Voltage-dependent blockade of diverse types of voltage-gated Ca2+ channels expressed in Xenopus oocytes by the Ca2+ channel antagonist mibefradil (Ro 40–5967). Mol Pharmacol 48:540–549.
OpenUrlAbstract



	↵
	Clozel  J-P, 
	Osterrieder  W, 
	Kleinbloesem  CH, 
	Welker  HA, 
	Schläppi  B, 
	Tudor  R, 
	Hefti  F, 
	Schmitt  R, 
	Eggers  H

 (1991) Ro 40–5967: a new nondihydropyridine calcium antagonist. Cardiovasc Drug Rev 9:4–17.
OpenUrlCrossRef



	↵
	Cohen  CJ, 
	Spires  S, 
	Van-Skiver  D

 (1992) Block of T-type Ca channels in guinea pig atrial cells by antiarrhythmic agents and Ca channel antagonists. J Gen Physiol 100:703–28.
OpenUrlAbstract/FREE Full Text



	↵
	Coulter  DA, 
	Huguenard  JR, 
	Prince  DA

 (1989) Characterization of ethosuximide reduction of low-threshold calcium current in thalamic neurons. Ann Neurol 25:582–593.
OpenUrlCrossRefPubMed



	↵
	Enyeart  JJ, 
	Biagi  BA, 
	Mlinar  B

 (1992) Preferential block of T-type calcium channels by neuroleptics in neural crest-derived rat and human C cell lines. Mol Pharmacol 42:364–372.
OpenUrlAbstract



	↵
	Enyeart  JJ, 
	Mlinar  B, 
	Enyeart  JA

 (1993) T-type Ca2+ channels are required for adrenocorticotropin-stimulated cortisol production by bovine adrenal zona fasciculata cells. Mol Endocrinol 7:1031–1040.
OpenUrlCrossRefPubMed



	↵
	Fox  AP, 
	Nowycky  MC, 
	Tsien  RW

 (1987) Kinetic and pharmacological properties distinguishing three types of calcium currents in chick sensory neurones. J Physiol (Lond) 394:149–172.
OpenUrlCrossRefPubMed



	↵
	Gu  X, 
	Spitzer  N

 (1993) Low-threshold Ca2+ current and its role in spontaneous elevations of intracellular Ca2+ in developing Xenopus neurons. J Neurosci 13:4936–4648.
OpenUrlAbstract



	↵
	Hagiwara  S, 
	Kawa  K

 (1984) Calcium and potassium currents in spermatogenic cells dissociated from rat seminiferous tubules. J Physiol (Lond) 356:135–149.
OpenUrlPubMed



	↵
	Herrington  J, 
	Lingle  C

 (1992) Kinetic and pharmacological properties of low-voltage-activated Ca2+ current in rat clonal (GH3) pituitary cells. J Neurophysiol 68:213–232.
OpenUrlAbstract/FREE Full Text



	↵
	Hershlag  A, 
	Cooper  GW, 
	Benoff  S

 (1995) Pregnancy following discontinuation of a calcium channel blocker in the male partner. Human Reprod 10:599–606.
OpenUrlAbstract/FREE Full Text



	↵
	Hinton  BT, 
	Palladino  MA

 (1995) Epididymal epithelium: its contribution to the formation of a luminal fluid microenvironment. Microsc Res Technique 30:67–81.
OpenUrlCrossRefPubMed



	↵
	Hirano  Y, 
	Fozzard  HA, 
	January  CT

 (1989) Characteristics of L- and T-type Ca2+ currents in canine cardiac Purkinje cells. Am J Physiol 256:H1478–H1492.
OpenUrl



	↵
	Huguenard  JR, 
	Prince  DA

 (1992) A novel T-type current underlies prolonged Ca2+-dependent burst firing in GABAergic neurons of rat thalamic reticular nucleus. J Neurosci 12:3804–3817.
OpenUrlAbstract



	↵
	Irisawa  H, 
	Brown  HF, 
	Giles  W

 (1993) Cardiac pacemaking in the sinoatrial node. Physiol Rev 73:197–227.
OpenUrlFREE Full Text



	↵
	Kamp  TJ, 
	Sanguinetti  MC, 
	Miller  RJ

 (1989) Voltage- and use-dependent modulation of cardiac calcium channels by the dihydropyridine (+)-202–791. Circ Res 64:338–351.
OpenUrlAbstract/FREE Full Text



	↵
	Lievano  A, 
	Santi  CM, 
	Serrano  J, 
	Trevino  CL, 
	Bellve  AR, 
	Hernandez-Cruz  AA, 
	Darszon  A

 (1996) T-type Ca2+ channels and alpha1E expression in spermatogenic cells, and their possible relevance to the sperm acrosome reaction. FEBS Lett 388:150–154.
OpenUrlCrossRefPubMed



	↵
	Mehrke  G, 
	Zong  XG, 
	Flockerzi  V, 
	Hofmann  F

 (1994) The Ca++-channel blocker Ro 40–5967 blocks differently T-type and L-type Ca++ channels. J Pharmacol Exp Ther 271:1483–1488.
OpenUrlAbstract/FREE Full Text



	↵
	Mishra  SK, 
	Hermsmeyer  K

 (1994a) Selective inhibition of T-type Ca2+ channels by Ro 40–5967. Circ Res 75:144–148.
OpenUrlAbstract/FREE Full Text



	↵
	Mishra  SK, 
	Hermsmeyer  K

 (1994b) Resting state block and use independence of rat vascular muscle Ca++ channels by Ro 40–5967. J Pharmacol Exp Ther 269:178–183.
OpenUrlAbstract/FREE Full Text



	↵
	Opie  LH

 (1997) Drugs for the Heart (WB Saunders, Philadelphia).




	↵
	Richard  S, 
	Diochot  S, 
	Nargeot  J, 
	Baldy-Moulinier  M, 
	Valmier  J

 (1991) Inhibition of T-type calcium currents by dihydropyridines in mouse embryonic dorsal root ganglion neurons. Neurosci Lett 132:229–234.
OpenUrlCrossRefPubMed



	↵
	Romrell  LJ, 
	Bellve  AR, 
	Fawcett  DW

 (1976) Separation of mouse spermatogenic cells by sedimentation velocity: a morphological characterization. Dev Biol 49:119–131.
OpenUrlCrossRefPubMed



	↵
	Santi  CM, 
	Darszon  A, 
	Hernandez-Cruz  AA

 (1996) Dihydropyridine-sensitive T-type Ca2+ current is the main Ca2+ current carrier in mouse primary spermatocytes. Am J Physiol 271:C1583–C1593.
OpenUrl



	↵
	Takahashi  K, 
	Akaike  N

 (1991) Calcium antagonist effect on low-threshold (T-type) calcium current in rat isolated hippocampal CA1 pyramidal neurons. J Pharmacol Exp Ther 256:169–175.
OpenUrlAbstract/FREE Full Text



	↵
	Tang  C-M, 
	Presser  F, 
	Morad  M

 (1988) Amiloride selectively blocks the low threshold (T) calcium channel. Science (Washington D C) 240:213–215.
OpenUrlAbstract/FREE Full Text



	↵
	Tytgat  J, 
	Vereecke  J, 
	Carmeliet  E

 (1990) Mechanism of cardiac T-type calcium channel blockade by amiloride. J Pharmacol Exp Ther 254:546–51.
OpenUrlAbstract/FREE Full Text



	↵
	Vivaudou  M, 
	Arnoult  C, 
	Villaz  M

 (1991) Skeletal muscle ATP-sensitive K+ channels recorded from sarcolemmal blebs of split fibers: ATP-inhibition is reduced by magnesium and ADP. J Membr Biol 122:165–175.
OpenUrlCrossRefPubMed



	↵
	Knobil  E, 
	Neill  JD

	Yanagimachi  R

 (1994) Mammalian fertilization. in The Physiology of Reproduction, eds Knobil  E, Neill  JD (Raven Press, New York), pp 189–317.




	↵
	Zeng  Y, 
	Clark  N, 
	Florman  HM

 (1995) Sperm membrane potential: hyperpolarization during capacitation regulates zona pellucida-dependent acrosomal secretion. Dev Biol 171:554–563.
OpenUrlCrossRefPubMed








  


  
  



  
      
  
  
    
	  
		
		
			
			  
  
      
  
  
    
  
      
  
    	
			MolPharm articles become freely available 12 months after publication, and remain freely available for 5 years. 


			Non-open access articles that fall outside this five year window are available only to institutional subscribers and current ASPET members, or through the article purchase feature at the bottom of the page. 


			 


				Click here for information on institutional subscriptions.
	Click here for information on individual ASPET membership.


			



 

  




  


  
  



			

		

	
	
 	
	  
  
		
		
			
			  
  
      
  
  
    Log in using your username and password

  Username *
 



  Password *
 





Forgot your user name or password?




Purchase access
You may purchase access to this article. This will require you to create an account if you don't already have one.

  


  
  



			

		

	
	
 	
	
	


  


  
  



  





  


  
  



  
      
  
  
     PreviousNext 
  


  
  



  
      
  
  
     Back to top  


  
  



			

		

		
		
			
			  
  
        In this issue

    
  
  
    
  
    
  
      
  
  
    
    
      [image: Molecular Pharmacology: 53 (6)]

  
  
      
      
          Molecular Pharmacology      
      
        	Vol. 53, Issue 6 1 Jun 1998 


      
      
        		Table of Contents
	About the Cover
	Index by author




      




  


  
  



  



  


  
  



  
      
  
  
    
	  
  
		
          
            
  
      
  
  
     Download PDF  


  
  


  
      
  
  
     Article Alerts

  
    
  
      
  
  
    
  User Name *
 



  Password *
 


Sign In to Email Alerts with your Email Address

  Email *
 








  


  
  



  





  


  
  


  
      
  
  
     Email Article

  
    
  
      
  
  
    
 Thank you for sharing this Molecular Pharmacology article.
NOTE: We request your email address only to inform the recipient that it was you who recommended this article, and that it is not junk mail. We do not retain these email addresses.




  Your Email *
 



  Your Name *
 



  Send To *
 

Enter multiple addresses on separate lines or separate them with commas.




  You are going to email the following 
 Pharmacological Properties of the T-Type Ca2+ Current of Mouse Spermatogenic Cells



  Message Subject 
 (Your Name) has forwarded a page to you from Molecular Pharmacology



  Message Body 
 (Your Name) thought you would be interested in this article in Molecular Pharmacology.



  Your Personal Message 
 








CAPTCHAThis question is for testing whether or not you are a human visitor and to prevent automated spam submissions.










  


  
  



  





  


  
  


  
      
  
  
     Citation Tools

  
    
  
      
  
  
      
  
      
  
  
      Research ArticleArticle

  
  
      Pharmacological Properties of the T-Type Ca2+ Current of Mouse Spermatogenic Cells
  
    	 Christophe Arnoult, Michel Villaz and Harvey M. Florman


  
    	Molecular Pharmacology June 1, 1998,  53 (6) 1104-1111; 

  
  
  



  

  
  	      Citation Manager Formats

        
      	BibTeX
	Bookends
	EasyBib
	EndNote (tagged)
	EndNote 8 (xml)
	Medlars
	Mendeley
	Papers
	RefWorks Tagged
	Ref Manager
	RIS
	Zotero

    

  



  


  
  



  





  


  
  


  
        

    
  
  
    
  


  
  



          

        

        
        
          
            
  
      
  
  
     Share  


  
  


  
      
  
  
    
  
    
  
      
  
  
    
  
  
      Research ArticleArticle

  
  
      Pharmacological Properties of the T-Type Ca2+ Current of Mouse Spermatogenic Cells
  
    	 Christophe Arnoult, Michel Villaz and Harvey M. Florman


  
    	Molecular Pharmacology June 1, 1998,  53 (6) 1104-1111; 

  
  
  



  


  
  



  
      
  
  
    
  
    Share This Article:
  
  
    
  
  
    Copy
  


  


  
  



  
      
  
  
    [image: Reddit logo] [image: Twitter logo] [image: Facebook logo] [image: Mendeley logo]
  


  
  



  



  


  
  


  
      
  
  
    	Tweet Widget
	Facebook Like
	Google Plus One



  


  
  



          

        

	
 	
	
	


  


  
  



  
        Jump to section

    
  
  
    	Article	Abstract
	Materials and Methods
	Results
	Discussion
	Footnotes
	References



	Figures & Data
	Info & Metrics
	eLetters
	 PDF



  


  
  



  
      
  
  
    
  
     Related Articles


 Cited By...


 More in this TOC Section
	
  
  
  
  
      Impact of Lipid Binding Proteins on Ligand Disposition  
  
  
  
  




	
  
  
  
  
      The Role of RGS4 in Stress and Ketamine Actions  
  
  
  
  




	
  
  
  
  
      A Small-Molecule Agonist as New Radioligand for ACKR3  
  
  
  
  






Show more Article

 Similar Articles






  



  


  
  



  
      
  
  
    
  


  
  



  
      
  
  
    
  
    
  
      
  
  
    Advertisement



  



  


  
  



  



  


  
  



			

		

	
	
 	
	
	


    

  


      


  

    
  
      
    
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    

	Home
	Alerts




Facebook   Twitter   LinkedIn   RSS
  




  


  
  



  

  
    
  
        Navigate

    
  
  
    	Current Issue
	Fast Forward by date
	Fast Forward by section
	Latest Articles
	Archive
	Search for Articles
	Feedback
	ASPET

  


  
  



  

  
    
  
        More Information

    
  
  
    	About Molecular Pharmacology
	Editorial Board
	Instructions to Authors
	Submit a Manuscript
	Customized Alerts
	RSS Feeds
	Subscriptions
	Permissions
	Terms & Conditions of Use

  


  
  



  

  
    
  
        ASPET's Other Journals

    
  
  
    	Drug Metabolism and Disposition
	Journal of Pharmacology and Experimental Therapeutics
	Pharmacological Reviews
	Pharmacology Research & Perspectives

  


  
  



  


    

  


  


  

  
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    ISSN 1521-0111 (Online)


Copyright © 2024 by the American Society for Pharmacology and Experimental Therapeutics

  




  


  
  



  



    

  


  


  

  
    
  
      









  