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ABSTRACT 

 
Previous studies have shown that sigma receptors are over-expressed in tumor 

cells. However, the role of sigma receptors remains enigmatic. Recently, we and others 

have demonstrated that sigma-1 receptor modulates K+ channels in pituitary. In the present 

report, patch-clamp and western blot assays were used in small cell lung cancer (SCLC, 

NCI-H209 and NCI-H146) and leukemic (Jurkat) cell lines to investigate the effects of 

sigma ligands on voltage-gated K+ channels and cell proliferation. The sigma ligands 

(+)pentazocine, igmesine and DTG all reversibly inhibited voltage-activated K+ currents in 

both cell lines. The potency of sigma ligands induced-inhibition (10 µM) was igmesine = 

(+)pentazocine > DTG, pointing to the involvement of sigma-1 receptors. Addition of the K+ 

channel blockers TEA and 4-AP or one of cited sigma ligands in the culture media 

reversibly inhibited Jurkat cell growth. Interestingly, K+ channel blockers and sigma ligands 

caused an accumulation of the cyclin-dependent kinase inhibitor p27kip1 and a decrease in 

cyclin A expression in Jurkat and SCLC cells while no effect could be detected on p21cip1. 

Moreover, sigma ligands and TEA had no effect on caspase 3 activity. Accordingly, 

incubation of cells with sigma ligands did not provoke DNA laddering. These data 

demonstrate that sigma ligands and voltage-dependent channel blockers inhibit cell growth 

through a cell cycle arrest in the G1 phase but not via an apoptotic mechanism. Altogether, 

these results indicate that the sigma-1 receptor-induced inhibition of the cell cycle is, at 

least in part, the consequence of the inhibition of K+ channels.  
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K+ channels represent the most divers class of ion channel proteins and are 

involved in many physiological process such as neuron excitability, hormone release, fluid 

secretion and muscle contraction. In the last few years, many studies have revealed that K+ 

channels may also play a crucial role in cell cycle events. K+ channels participate in 

apoptosis by mediating through K+ loss, the cell shrinkage (AVD) which is an early 

prerequisite for programmed cell death (Maeno et al., 2000). In addition, the progression of 

the G1 phase during cell division has been shown to be dependent on a tightly regulated 

expression of various K+ channels in tumor cells (Lang et al., 2000; Crociani et al., 2003). 

Consistent with these data, in vitro application of K+ channel blockers provoke an arrest of 

cell division in various cancer cells (Wang et al., 1998; Pancrazio et al., 1993; Rouzaire-

Dubois and Dubois, 1998; Conforti et al., 2003). Therefore, the study of the mechanisms of 

modulation of K+ channels expressed in tumor cells may lead to the development of new 

pharmacological strategies for cancer therapy.  

Sigma receptors were first postulated as being a subtype of opioid receptors but 

subsequent studies have revealed that sigma receptors form a class of proteins unrelated 

to other receptors, distributed in the nervous, endocrine and immune systems, and in 

organs such as liver and kidney (for review see Su and Hayashi, 2003; Bowen, 2000). 

Sigma receptors bind heterolog classes of exogenous compounds such as 

(+)benzomorphans, guanidines, alcaloid deriveds and neuroleptics (Bowen, 2000). 

Neurosteroids have been proposed as the endogenous sigma ligands on the basis of in 

vivo and in vitro functional studies showing that progesterone, pregnenolone and DHEA 

interact with sigma receptors in the CNS (Su et al., 1988; Monnet et al., 1995). However, 

because neurosteroids are low affinity sigma receptor ligands, they are not fully accepted 

as the natural sigma receptor ligands. Two subtypes of sigma receptors have been 

characterized, namely sigma-1 and sigma-2 receptors, on the basis of pharmacological, 

functional and biochemical studies (Bowen, 2000). Sigma-1 receptors were cloned in 1996 

and the sequence yielded a 24 kDa protein with one or two predicted membrane spanning 

domains (Hanner et al., 1996; Aydar et al., 2002). This protein is unrelated to other 

mammalian proteins but shares 66,4% of similarity with a yeast C8-C7 sterol isomerase 

(Hanner et al., 1996). At the cellular level, sigma-1 receptors are distributed in the 
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endoplasmic reticulum and the plasma membrane (Hanner et al., 1996; Aydar et al., 2002). 

By contrast, the sigma-2 receptor has not been isolated so far. 

Sigma receptors have been involved in memory, hormone secretion, synaptic 

activity and cell electrical activity (Maurice et al., 1998; Monnet et al., 1995; Soriani et al., 

1998a; Lupardus et al., 2000). However, sigma receptors may play a major role in cancer: 

a number of studies have demonstrated the presence of high densities of sigma receptors 

in tumor cells, up to 10 times more than in normal organs or quiescent cells (Bowen, 2000). 

Interestingly, it has also been demonstrated that expression of sigma receptors is positively 

correlated with the proliferating status of tumor cells (Al-Nabulsi et al., 1999). These results 

have led to the development of various sigma ligands as tumor markers for PET and 

SPECT analysis in vivo (John et al., 1999). Moreover, it has recently been reported that the 

the sigma-1 receptor gene is a target of the oncogene c-Myc (Fernandez et al., 2003), 

suggesting that this receptor is involved in tumor genesis. Besides, several studies have 

indicated that sigma receptor ligands inhibit the growth of various tumor cell types including 

lung, prostate, colon and breast cancer cells (John et al., 1999; Moody et al., 2000; 

Berthois et al., 2003). These results indicate that sigma receptors are potential targets for 

therapeutic agents. However, the mechanisms leading to the sigma ligand-induced cell 

growth arrest remain poorly understood. 

Recently, we and others have demonstrated that one of the major functions of sigma-

1 receptors is the modulation of VOK channels in pituitary and brain cells through G-protein 

coupling or protein-protein interactions (Soriani et al., 1998a; Soriani et al., 1999; Soriani et 

al., 1999b; Lupardus et al., 2000; Aydar et al., 2002). 

Therefore, in the present study, we have used both SCLC (NCI-H209 and NCI-H146) 

and T leukemic (Jurkat) cell lines in order to characterize the effects of sigma ligands on VOK 

channels and cell growth. NCI-H146 and H209 are commonly used cell models for the study 

of SCLC (Gazdar et al., 1985). Moreover, it has been demonstrated that both cell types 

express sigma-1 receptors (Moody et al., 2000). The Jurkat cell line is a widely accepted 

model of leukemia from which the sigma-1 receptor has been previously isolated (Ganapathy 

et al., 1999). In this study, three different sigma ligands were used i.e. igmesine, 

(+)pentazocine and DTG. Igmesine and (+)pentazocine are highly selective sigma-1 receptor 
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ligands whereas DTG is a mixed sigma-1/sigma-2 receptor ligand (Bowen, 2000; Su and 

Hayashi, 2003). Our results demonstrate for the first time that sigma ligands induce a cell 

cycle arrest in the G1 phase through the accumulation of the cell cycle inhibitor p27kip1, but not 

apoptosis. In addition, the present findings indicate that this growth inhibition is the 

consequence of a down-regulation of voltage-dependent K+ channels.  
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MATERIALS AND METHODS 

 
Cell Culture 

 

The SCLC cell lines NCI-H209 and H146 were obtained from CLS (Heidelberg, 

Germany). The T-leukemic cell line Jurkat was a gift from Dr P. Auberger (INSERM U 526, 

Nice, France). All cell lines were grown at 37°C with 5% of CO2 in RPMI 1640 

supplemented with L-glutamine (2 mM), sodium-pyruvate (1 mM), Penicillin/Streptomycin 

(100 u/ml) and fetal-bovine serum (10% for SCLC and 5% for Jurkat). Medium was 

routinely changed three times a week. For SCLC, dead cells were excluded by a ficoll 

gradient separation technique one time a week (Lymphocyte separation medium, Bio-

Whittaker, Verviers, Belgium). 

 
Drugs and Reagents 

 
(+)pentazocine, DTG, TEA, 4-AP, apamin and poly-D-Lysine were purchased from 

Sigma-Aldrich (St Quentin Fallavier, France). Igmesine is a generous gift from Dr F. Roman 

(Pfizer, Fresne, France). DEVD-pNA and DEVD-CHO were from Alexis (Coger, Paris, 

France). Anti-actin (A2066), anti-cyclin A (C4710) and secondary anti-mouse horseradish 

peroxidase-coupled antibodies were obtained from Sigma-Aldrich (St Quentin Fallavier, 

France). Santa Cruz anti-p27kip1 (C-19) and anti-p21Cip1 (C-19) antibodies were from TEBU 

International (Le Perray-en-Yvelines, France). Secondary anti- rabbit horseradish peroxidase-

coupled antibodies (11-035-144, Jackson) were purchased from Interchim (Montlucon, 

France). 

 

Electrophysiolology 

 

For whole-cell patch-clamp recordings, cells were plated on glass coverslips coated 

with poly-D-Lysine (10 nM) and incubated for 2-4 h in RPMI-1640 medium. NCI-H209 and H-

146 cells need to be mechanically dissociated before being plated. Patch-clamp experiments 

were made at room temperature with an external solution of the following composition : 2.8 

mM KCl, 2 mM MgCl2, 1 mM CaCl2, 140 mM NMDG-Cl and 10 mM Hepes (pH adjusted to 7.4 
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with HCl, 304.6 mosm/l). Soft glass patch electrodes (borosilicate glass capillaries GC150TF-

7.5, Harvard apparatus, Edenbridge, Kent) were made on a horizontal pipette puller (P-97, 

Sutter Instrument Co., Novato, CA) to achieve a final resistance ranging from 3 to 5 MΩ. The 

internal solution was of the following composition : 129 mM KCl, 2 mM MgCl2, 5 mM NaCl, 1 

mM CaCl2, 11 mM EGTA, 10 mM Hepes (pH adjusted to 7.2 with KOH, 298 mosm/l). ATP (2 

mM) and GTP (100 µM) were extemporaneously added to the internal solution. Electric 

signals were amplified with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA) 

and acquired on an IBM compatible personal computer with a DIGIDATA 1200 interface and 

pCLAMP 8 software (Axon Instruments). K+ currents were recorded at a 5 kHz-sampling 

frequency and filtred at 2 kHz. 

DTG was dissolved in methanol (final concentration of methanol < 0.1% v/v). 

(+)pentazocine was dissolved in methanol/acid (½ methanol + ½ HCl 0.1 M v/v, final 

concentration of methanol < 0.1% v/v). Solvent alone had no effect on K+ currents at this 

concentration. Igmesine was dissolved in water. Sigma ligand solutions were administered in 

the vicinity of the cell under study through the use of a gravity-feed system (rate ∼ 2ml/mn). 

The excess of bathing solution was continuously aspired via a suction needle. 

Current amplitudes were determined with the pCLAMP 8 analysis software (Clampfit). 

Current/voltage and current/time relationships were fitted by using Microcal Origin analysis 

software (Sega, Paris, France). Quantitative data are expressed as mean ± S.E. 

 

Cell Growth Analysis  

 

To assess cell growth, cells were seeded at day 0 at a density of 0.25 x 106 cells/ml-1 

and counted 24, 48 and 72 h after incubation with TEA or igmesine. For cell density 

evaluation, an aliquot of 25 µl of cell suspension was mixed with 25 µl of trypan blue and the 

number of cells was counted using a Malassez chamber. Only viable cells (which excluded 

trypan blue) were counted. This enabled us to differentiate easily between a reduced cell 

proliferation rate and cell death. Percentage of cell growth inhibition was calculated after 3 

days in culture as follows: Inhibition = [1- (IN3 – IN0) / (Ctl3 – Ctl0)] X 100, were IN0 and IN3 are 
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the cell densities at day 0 and 3 for cells incubated with either sigma ligands or TEA 

respectively, Ctl3 and Ctl0 are the cell densities at day 0 and 3 for cells in control conditions. 

Igmesine was dissolved in methanol (final concentration of methanol < 0.1% v/v). 

Solvent alone had no effect on cell proliferation at this concentration. TEA was directly 

dissolved in the culture medium. 

 

DEVD-pNA Cleavage Assay 

 

Caspase activity was measured using a kinetic colorimetric assay according to the 

supplier specification. In brief, control cells or cells incubated with a pro-apoptotic agent 

(Staurosporine) or sigma ligands, were washed in PBS and then lysed 30 mn at 4°C in lysis 

buffer (50 mM Hepes, 150 mM NaCl, 20 mM EDTA, 0.2% triton X-100, 20 µg/ml aprotinin, 10 

µM leupeptin, 1 mM PMSF). Lysates were then centrifuged 15 mn at 15,000 g and 50 µg of 

cell extract was incubated with 5 mM DTT and 200 µM of Ac-Asp-Glu-Val-Asp-pNA (DEVD-

pNA) preferentially cleaved by members of the CPP32 family of cysteine proteases. Liberation 

of pNA was monitored continuously at 37°C by using an excitation wavelength of 405 nm. 

Measurements were recorded over the linear range of assay, and caspase activity was 

controlled by adding in the cell extract an apopain/CPP32 inhibitor (DEVD-CHO). Substrates 

without lysates served as negative control.  

 

DNA Fragmentation 

Jurkat and NCI-H209 cells (1x106 cells) were harvested and centrifugated at 1000 g 

for 5 min. Cell pellets were lysed by incubation in 10 mM Tris (pH 8.0) containing 1mM EDTA, 

0.2 %Triton X 100 and 100 µg/ml RNase A for 30 min at 37°C. Proteinase K was then added 

to give a final concentration of  100 µg/ml and the reaction continued for an additional 30 min. 

The lysate was extracted with 10 % NaCl 5 M and one volume Isopropanol and incubated 2 h 

at –20°C, then centrifuged at 15000 g for 15 min at 4°C. The supernatent was washed with 70 

% éthanol and centrifuged. The pellets were dried and suspended in Tris-EDTA buffer (10 mM 

Tris, pH 8, 1 mM EDTA). DNA was incubated at 55 °C for 30 min and electrophoresis was 
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performed in 1.5 % agarose gel containing 0.5 µg/ml ethidium bromide at 50 V for 50 min. 

DNA was visualized by UV illumination and photographed.  

 

 

Western Blot  

 

After three days of incubation with igmesine, (+)pentazocine, DTG or TEA, cells were 

washed in PBS and then lysed under agitation in ice-cold lysis buffer (50 mM Tris pH 7.4, 200 

mM NaCl, 1 mM EDTA, 0.2 % NP-40, 10 mM NaF, 0.1 mM β-glycerophosphate, 1 mM NaVO4 

and a protease inhibitor cocktail, complete (Roche, Meylan, France)). The lysate was then 

centrifuged (11,000 g, 15 min, 4°C) and the resulting supernatants were analyzed by 

immunoblotting. Total protein concentration was determined with a Bio-Rad Protein Assay 

(Bio-Rad, München, Germany) with bovine serum albumin as the standard. Proteins (50 

µg/lane) were resolved on a 13% acrylamide gel by SDS-PAGE, electro-transferred to 

nitrocellulose, blocked in 5% non-fat milk and incubated overnight at 4°C with a primary 

antibody directed against either p27kip1 (1:200), p21Cip1 (1/200), cyclin A (1:750) or actin 

(1:200) human proteins. Blots were incubated with horseradish peroxydase-conjugated 

secondary antibody (anti-rabit, 1:15,000; anti-mouse, 1:50,000) for 1 h at room temperature. 

Labeled proteins were visualized by enhanced chemiluminescence (Pierce SuperSignal West 

Pico chemiluminescent, Interchim) using Kodak Bio-Max MR film (Sigma-Aldrich). 
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RESULTS 

 

Sigma Ligands Inhibit Voltage-Operated K+ Currents in Tumor Cells. We first 

have studied the potential modulatory effects of sigma ligands on VOK currents expressed 

in both SCLC and Jurkat cells. Currents were recorded by using the patch-clamp technique 

in the voltage-clamp mode and the standard whole-cell configuration. Internal and external 

solutions were designed to isolate K+ currents (see material and methods).  

In SCLC cells, K+ currents were evoked by successive 200-ms pulses from –80 to 

+20 mV in 20 mV intervals from a holding potential of –50 mV (Fig. 1A). In all tested NCI-

H209 cells (n= 117), voltage pulses positive to –40 mV elicited a TEA and 4-AP sensitive, 

non-inactivating outward current corresponding to the delayed-rectifier K+ current (IK) 

previously described in SCLC (Pancrazio et al., 1993) (Fig. 1). The effects of sigma ligands 

on IK were studied in a total of 66 cells. In 89% of the tested cells, applications of either 

igmesine, (+)pentazocine or DTG induced dose-dependent and reversible inhibitions of the 

current evoked by pulses positive to -40 mV (10 nM to 10 µM, Fig. 2). The rank order 

potency at 10 µM was igmesine ≈ (+)pentazocine > DTG, which corresponds to the 

pharmacological profile of the sigma-1-receptor (Fig. 2D). In addition, the EC50 of the DTG-

induced inhibition of the current was similar to the EC50 value obtained in a previous study 

dealing with the characterization of the sigma-1 receptor using binding methods in NCI-

H209 cells (206 and 90 nM, respectively, Moody et al., 2000, Fig. 2E). In the present work, 

the inhibitory effects induced by sigma ligands on IK were also observed in NCI-H146 cells 

(not shown). 

In Jurkat cells, membrane was clamped at –80 mV between the depolarizing steps 

in order to avoid any voltage-dependent inactivation of the current. Voltage pulses (200 ms) 

ranging between –100 and +80 mV in 20 mV intervals applied to 28 Jurkat cells gave rise 

to an outward current for potentials positive to –40 mV. The current presented a fast 

activation and a slow inactivation over time. These kinetic characteristics correspond to the 

Kv1.3 channel previously described as the main VOK current occurring in this cell line 

(Panyi Deutsch, 1996; Fig. 3A,B). Application of TEA (10 mM, n= 3) or 4-AP (2.5 mM, n= 3) 
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induced a clear-cut reduction in current amplitude, in a good agreement with the 

pharmacological profile of the Kv 1.3 channel (Fig. 3C). 

External application of (+)pentazocine (10 µM) induced a strong inhibition of the 

current for voltage pulses positive to –40 mV (Fig. 4A,B). This effect was mimicked by 

igmesine (10 µM) and was reversible after cell washing. The inhibitory effect of sigma 

ligands occurred in 81% of tested cells (n= 16; Fig. 4C,D). These results demonstrate that 

sigma ligands inhibit VOK currents expressed in both SCLC and Jurkat leukemic cells.  

 

Igmesine and VOK Blockers Inhibit Jurkat Cell Growth. In order to determine 

whether sigma ligands and K+ channel blockers had an effect on the proliferation rate of 

Jurkat cells, we next studied the effects of igmesine and Kv 1.3 channel blockers on Jurkat 

cell growth over three days. Cell density was measured by direct counting of living cells 24, 

48 and 72h after seeding. In control experiments, the number of cells increased 

exponentially to reach a cell density of 1.24 ± 0.07 x 106 cells/ml after 3 days (n= 12). 

Incubations of Jurkat cells with igmesine (10 or 30 µM), TEA (10 mM) or 4-AP (2.5 mM) 

provoked a significant slow down in cell growth (Fig. 5A-D). After 3 days in culture, 

igmesine significantly reduced the cell density by 23.9 ± 4.6% and 82.8 ± 3.1% at 10 and 

30 µM respectively (n= 5 each, Fig. 3A,B). Similarly, a 3-day incubation of cells with TEA 

(10 mM) induce a 60.6 ± 10.6% decrease in cell density (n= 3; Fig. 5C). Jurkat cells 

express two main K+ conductances, i.e. Kv 1.3 and the small Ca2+-activated K+ channel 

hSK2 (Panyi and Deutsch, 1996; Fanger et al., 2001). Because TEA blocks both voltage-

dependent and Ca2+-activated K+ channels, we also tested 4-AP (2.5 mM) which 

specifically acts on voltage-dependent K+ channels. Similar to TEA, 4-AP induced a 75.7 ± 

9.3% decrease in cell density (n= 3, Fig. 3D). By contrast, a high concentration of apamin 

(20 nM), a specific blocker of small Ca2+-activated K+ channels, had no effect on Jurkat cell 

growth (Fig. 5E), indicating that hSK2 channels are not involved in the control of jurkat cell 

growth. Finally, incubation of cells with igmesine (30 µM) together with TEA (10 mM) did 

not provoke a significantly different inhibition of cell growth after 3 days than igmesine 

alone (Fig. 5F). This result indicates that there is no addition of the effects of VOK blockers 

and sigma ligands. 
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Together, these data indicate that incubation of Jurkat cells with a sigma ligand 

induce an inhibition in cell growth. Interestingly, this effect is mimicked by the K+ channel 

blockers TEA and 4-AP, but not apamin, demonstrating that sigma-1 receptors modulate 

cell proliferation through the inhibition of Kv 1.3 channels. 

  

Sigma Ligands Stimulate p27kip1 And Inhibit Cyclin A Expressions In Tumor 

Cells But Have No Effect On p21cip1. A further characterization of the inhibitory effects 

induced by sigma ligands and K+ channel blockers was necessary to understand whether 

these compounds reduce cell growth via a cell cycle arrest or by inducing cell death. 

Therefore, we next examined their effects on the expression of p27kip1, p21cip1 and cyclin A, 

three key proteins involved in the cell cycle progression. Cyclin A is up-regulated in growing 

cells at the G1/S transition and is involved in the S-phase progression. Its stimulation results 

from the sequential activation of cyclinD/CDK4 and cyclinE/CDK2 and can be regulated by 

CDKs inhibitors such as p27kip1 and p21cip1 (Sherr and Roberts, 1995; Ekholm and Reed, 

2000). Jurkat cells were harvested after 3 days in culture in the presence of sigma ligands, 

TEA, 4-AP, apamine or the carrier alone. After cell lysis, proteins were subjected to 

immunoblotting with antibodies directed against human p27kip1, p21cip1 or cyclin A. Actin 

was used as an internal loading control. We observed a net increase in p27kip1 level in cells 

challenged with igmesine, DTG or (+)pentazocine (30 µM each) compared to control cells 

(Fig. 4A, upper pannel). The expression level of p27kip1 was significantly enhanced after 

24h of incubation with igmesine (10 and 30 µM) and gradually increased to reach a 

maximal level after 3 days (not shown). Interestingly, incubation of cells with TEA or 4-AP 

(10 and 2.5 mM, respectively) led to a p27kip1 level increase whereas apamin had no effect. 

(Fig. 6A, lower panel). A previous report has indicated that the growth of SCLC cells was 

altered by incubation with sigma ligands (Moody et al., 2000). It was thus interesting to 

understand whether this alteration could be explained by a modulation of cyclin inhibitors. 

Similar to Jurkat cells, higher levels of p27kip1 were detected after treatment of SCLC cells 

with igmesine, (+)pentazocine, or DTG (30 µM, 3 days each) compared to control cells (Fig. 

6B, upper panel). The same results were observed with NCI-H209 cells incubated with 

either TEA or 4-AP (10 and 2.5 mM, respectively; Fig. 6B, lower panel). By contrast, 
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apamin (20 nM) had no effect on p27kip1, ruling out any involvement of Ca2+-dependent K+ 

channels in cell cycle progression. However, neither DTG, igmesine or (+)pentazocine (30 

µM each), nor TEA (10 mM) had any effect on the level of the CDK inhibitor p21cip1 

expressed in both SCLC and jurkat cells (Fig. 7). 

The effects of sigma ligands on the expression level of cyclin A were next 

examined in the two cell types. Igmesine, (+)pentazocine or DTG (30 µM, 3 days each) 

clearly decreased cyclin A level in cell treated (Fig. 8). A similar result was observed with 

cells challenged with TEA (10 mM, Fig. 8). 

Altogether, these results demonstrate that the activation of sigma-1 receptors leads 

to the same effects as the pharmacological inhibition of voltage-dependent K+ channels, i.e. 

p27kip1 accumulation and a decrease in cyclin A likely underlying a G1 cell cycle arrest in 

Jurkat and SCLC cells.  

 

Sigma Ligands And TEA Do not Induce Apoptosis In Tumor Cells. In order to 

rule out the possibility of a cell death-induced growth arrest, we have tested whether sigma 

ligands had any pro-apoptotic effect. Caspases are a family of proteases that are 

executioners of apoptotic signals (Cohen, 1997). Among the different caspases involved in 

this process, caspase 3 has been shown to be a crucial effector of various stimuli triggering 

apoptosis, including DNA laddering (Porter and Janicke, 1999). The activity of caspase 3 

was quantified by monitoring the release of pNA, resulting from the cleavage of DEVD-

pNA, a synthetic substrate of the protease. In both NCI-H209 and Jurkat cells, incubation 

with the pro-apoptotic agent staurosporine (1 µM, 4 or 15h) gave rise to a dramatic 

increase in caspase 3 activity (Fig. 9). By contrast, neither igmesine nor DTG (30 µM each, 

24h) were able to induce any enhancement of caspase 3 activity (Fig. 9), even after 

extending incubation time with sigma ligands up to 48 h (not shown). Similarly, incubation 

of cells with TEA (10 mM, 24h) failed to provoke any activation of caspase 3 activity in both 

cell types (Fig. 9). In a good agreement with these observations, no DNA laddering 

occurred in Jurkat or SCLC cells treated with DTG (30 µM, 24h) when compared to the 

staurosporine treatment (1 µM, 15h; Fig. 10). 
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Cell death (both necrosis and apoptosis) is a non-reversible process, thus the 

reversibility of the igmesine-induced arrest in Jurkat cell growth was also examined. After a 

3-day incubation of cells with igmesine (30 µM), cells were diluted (250,000 cells/ml) and 

split in two flasks containing igmesine (30 µM) or the carrier alone. After 3 further days in 

culture, the cells grown in fresh culture media alone had recovered a normal rate of growth 

whereas cells still challenged with igmesine presented an inhibited profile of proliferation 

(Fig. 11). The cell density observed after 3 days post-washing (1.02 ± 0.08 x 106 cells/ml, 

n= 3) was not significantly different from the value obtained in control conditions for naive 

cells (1.24 ± 0.07 x 106 cells/ml, n= 8, P> 0.09), indicating that the cell growth inhibition due 

to igmesine is a reversible mechanism. 

These results demonstrate that pharmacological activation of sigma-1 receptors 

has no pro-apoptotic effect and further confirm that sigma ligands inhibit cell proliferation 

through a cell cycle arrest. 
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DISCUSSION 

 

Recently, we and others have demonstrated in pituitary and brain cell models that 

one of the major role of sigma-1 receptors is the modulation of K+ channels (Soriani et al., 

1998a; Soriani et al., 1999; Soriani et al., 1999b; Aydar et al., 2002). The aim of our study 

was to explore the link between cell growth arrest and the modulation of VOK by sigma 

receptors in tumor cells. We demonstrate for the first time that activation of sigma-1 

receptors induce a tumor cell cycle arrest in the G1 phase through a modulation of p27KIP1 

and cyclin A levels. Moreover, our findings demonstrate that this effect is the consequence 

of the blockade of VOK channels by sigma-1 receptors. 

Patch clamp experiments performed in NCI-H209 cells elicited an outward current 

presenting the characteristics of the delayed rectifier K+ current, e.g. a slow activation for 

potentials positive to -40 mV, a weak inactivation over time and a strong sensitivity to TEA 

and 4-AP, as previously described in SCLC cells (Pancrazio et al., 1993). The current was 

inhibited by 3 sigma ligands, igmesine, (+)pentazocine and DTG (Bowen, 2000). The rank 

order potency of this inhibition in NCI-H209 cells was consistent with the pharmacological 

profile of sigma-1 receptors, pointing out the involvement of this receptor in our model 

(Bowen, 2000; Su and Hayashi, 2003). This result is in agreement with previous reports 

demonstrating the functional link between sigma-1 receptors and VOK currents in pituitary 

(Soriani et al., 1998a; Soriani et al., 1999; Soriani et al., 1999b). We next investigated the 

effects of sigma ligands on the VOK current expressed in Jurkat cells. The current recorded 

presented the characteristics of the Kv1.3 channel that was cloned and identified as the 

main VOK channel in this cell type (Panyi and Deutsch, 1996). We demonstrate herein that 

sigma ligands inhibit K+ currents in lymphocytes. Previous studies have shown that sigma-1 

receptors are tightly coupled to Kv1.4 and Kv1.5 channel subunits expressed in Xenopus 

oocytes (Aydar et al., 2002). Thus, the present results indicate that sigma receptors down 

modulate Kv1.3, another member of the Kv channel family, showing for the first time that 

sigma-1 receptors modulate membrane electrical properties in lymphocytes.  

Recently, several studies have demonstrated the involvement of channels of the Kv 

family, including channels underlying the delayed-rectifier current, in cell cycle events such 
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as apoptosis and cell division in various cell types. For example, Kv1.5 and 1.3 channels 

are up regulated in proliferative rat oligodendrocyte progenitor cells, whereas antagonists of 

Kv1.3-induced currents inhibit the S-phase entry (Chittajallu et al., 2002). In the same cells, 

[3H]thymidine incorporation is decreased by Kv channel blockers (Attali et al., 1997). In 

addition, inhibition of delayed-rectifier channels of the Kv protein family by antagonists such 

as TEA or 4-AP alters cell growth in various tumor cell types (Rybalchenko et al., 2001; 

Rouzaire-Dubois and Dubois, 1998; Pancrazio et al., 1993). Consistent with these 

observations, we show here that TEA and 4-AP, but not the hSK channel blocker apamin, 

inhibit both the VOK current and cell growth in Jurkat cells. It can be concluded from these 

experiments that Kv1.3 channel activity is strongly involved in cell growth. More 

interestingly, the similar effects induced by the sigma-1 receptor activation and Kv channel 

blockers on both channel activity and cell proliferation raise the following hypothesis: sigma 

ligands may block tumor cell growth through a sigma-1 receptor-dependent modulation of 

VOK. Accordingly, our results clearly show that TEA do not increase the response induce 

by igmesine, demonstrating that sigma ligands inhibit cell growth through K+ channel 

inhibition.  

In this perspective, both channels blockers and sigma ligands should trigger the 

same cellular pathways. However, the mechanism by which the activation of sigma-1 

receptors alters tumor cell growth has not been described so far. At least two different 

cellular events may underlie a diminution in growth rate: a cell cycle arrest or cell death. 

Consequently, the effects of sigma-1 ligands and pharmacological K+ channels blockers 

were examined on cell cycle. We focussed our study on p27kip1, p21cip1 and cyclin A, three 

key proteins involved in cell cycle progression (Sherr and Roberts, 1995). p27kip1 and 

p21cip1 are known as inhibitors of cyclin D-cdk 4/6 and cyclin E-cdk 2 complexes, both 

responsible for pRb phosphorylation. The phosphorylation of pRb is a critical step for G1 to 

S transition through the liberation of transcription factors necessary for the activation of S-

phase genes such as cyclin A (for review see Sherr and Roberts, 1995; Ekholm and Reed, 

2000). In pRb deficient cells lines such as SCLC cells, p27kip1 has also been shown to block 

cyclin E-dependant transactivation of cyclin A (Zerfass-Thome et al., 1997). The findings 

presented here demonstrate for the first time, in both Jurkat and SCLC cells,  that sigma 
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ligands induce a cell cycle arrest in the G1 phase through the accumulation of the cell cycle 

inhibitor p27kip1 and the concomitant decrease in cyclin A. However, sigma ligands had no 

effect on the expression of p21cip1 indicating that sigma-1 receptors specifically modulate 

cell cycle through a p27kip1-dependent pathway. Incubation of both SCLC and Jurkat cells 

with TEA or 4-AP led to a similar modulation profile of protein level, i.e. p27kip1 level 

increase, cyclin A inhibition but no effect on p21cip1. It can be concluded that the 

pharmacological inhibition of Kv channels leads to the modulation of the same cell cycle 

regulators as those triggered by sigma ligands. Altogether, these findings are in a good 

agreement with the model of a sigma-1 receptor-induced cell cycle arrest in the G1 phase 

through voltage-dependent K+ channel inhibition. Recently, Crawford et al. (2002) have 

shown that sigma-2 receptor ligands were responsible for apoptosis induction in breast 

tumor cell lines. Thus, one might speculate that micromolar doses of sigma-1 ligands may 

interact with sigma-2 receptors and consequently alter cell proliferation through apoptosis. 

However, the anti-proliferative effect of sigma ligands we report here likely differs from 

apoptosis when one consider that : 1) the effects of sigma ligands on Jurkat cell growth 

were reversible after washing and 2) the treatment of Jurkat and SCLC cells with sigma 

ligands neither stimulated caspase 3 activity levels nor provoked DNA laddering. These 

data clearly indicate that unlike sigma-2 receptors which induce apoptosis, sigma-1 

receptors activation specifically alters cell division. Accordingly, TEA had no effect on 

caspase 3 activity, indicating that inhibition of K+ channels do not induce apoptosis. 

Consistent with this concept, it is known that the inhibition of cell division is associated with 

either an inhibition of voltage-dependent K+ conductances or a decrease in related channel 

expression. By contrast, apoptosis induction has been shown to be dependent of an 

enhancement of K+ currents (Storey et al., 2003). In conclusion, our results demonstrate for 

the first time that sigma ligands induce a cell cycle arrest in the G1 phase and that this 

inhibition is a consequence of the down-modulation of VOK by sigma-1 receptors.  

A question arises from this model: by what mechanism the inhibition of VOK 

channels can arrest the cell cycle? First, a large hyperpolarization of the cell membrane is 

required for the G1 to S phase progression (Wang et al., 1998). This hyperpolarization 

would influence calcium-dependent events involved in the division process. Thus, the 
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depolarization that can be expected from sigma-1 receptor activation may alter Ca2+ 

homeostasis (Soriani et al., 1999) and consequently inhibit proliferation. Alternatively, 

Dubois at al. (1998) have proposed that the inhibition of K+ channels impairs the RVD, 

which represents a critical event for the G1 to S phase progression. Cell volume changes 

may alter the concentration of cellular components involved in the expression or activity of 

cell cycle-regulating proteins. Moreover, cytoskeleton rearrangements due to cell volume 

changes may affect the protein kinases or phosphatases responsible for the control of cell 

cycle progression (Huang and Ingber, 1999). Experiments recently performed in our 

laboratory showing that sigma ligands delay RVD in Jurkat cells seem to be in a good 

agreement with this latter hypothesis (unpublished data). Although the molecular 

mechanisms linking ion channels to cell cycle remain elusive, the critical importance of K+ 

channels in cell proliferation make of these proteins potent targets for pharmacological 

tumor treatments. However, VOK channels are also widely expressed in normal organs 

such as CNS and muscles, rendering a potential use of classical K+ current blockers 

hazardous. Therefore, because i) sigma-1 receptors are biological markers of tumors 

(Bowen, 2000),  ii) the concentrations sigma ligands required to produce a 50% inhibition 

of K+ currents is about ten times higher in normal cells (Lupardus et al., 2000; Soriani et al., 

1998a) than in malignant cell models studied herein, suggesting that tumor cells may be 

more sensitive to sigma ligands that non-proliferative cells and iii) the perfusion of sigma 

ligands reduces SCLC tumor xenografts in mice without altering animal viability (Moody et 

al., 2000), the model presented here indicates that new pharmacological tools using sigma-

1 receptor ligands may be developed to specifically target in vivo VOK that regulate cancer 

cell proliferation. 

 

ACKNOWLEDGMENTS 

 

We thank Dr. François Roman (Pfizer, Fresnes, France) for gracious gift of 

igmesine, Pr. Patrick Auberger (INSERM U526, Nice, France) for kindly providing us Jurkat 

cells. We also thank Dr. Beatrice Rayet, Dr. Sandra Schmieder and Pr. Franck Delaunay 

(CNRS UMR 6078, Villefranche-sur-Mer, France) for helpful discussions.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72413 

 20

REFERENCES 

 
Al-Nabulsi I, Mach RH, Wang LM, Wallen CA, Keng PC, Sten K, Childers SR and Wheeler KT (1999) 

Effect of ploidy, recruitment, environmental factors, and tamoxifen treatment on the expression of 

sigma-2 receptors in proliferating and quiescent tumour cells. Br J Cancer 81 : 925-933. 

Attali B, Wang N, Kolot A, Sobko A, Cherepanov V and Soliven B (1997) Characterization of delayed 

rectifier Kv channels in oligodendrocytes and progenitor cells. J Neurosciences 17: 8234-8245. 

Aydar E, Palmer CP, Klyachko VA and Jackson MB (2002) The sigma receptor as a ligand-regulated 

auxiliary potassium channel subunit. Neuron 34: 399-410. 

Berthois Y, Bourrie B, Galiegue S, Vidal H, Carayon P, Martin PM and Casellas P(2003) SR31747A is 

a sigma receptor ligand exhibiting antitumoural activity both in vitro and in vivo. Br J Cancer 88: 438-

446. 

Bowen WD (2000) Sigma receptors: recent advances and new clinical potentials. Pharm Acta Helv 74: 

211-218. 

Chittajallu R, Chen Y, Wang H, Yuan X, Ghiani CA, Heckman T, Mcbain CJ and Gallo V (2002) 

Regulation of Kv1 subunit expression in oligodendrocyte progenitor cells and their role in G1/S phase 

progression of the cell cycle. Proc Natl Acad Sci U S A 99: 2350-2355. 

Cohen GM (1997) Caspases: the executioners of apoptosis. Biochem J 326 ( Pt 1): 1-16. 

Conforti L, Petrovic M, Mohammad D, Lee S, Ma Q, Barone S and Filipovich AH (2003) Hypoxia 

regulates expression and activity of Kv1.3 channels in T lymphocytes: a possible role in T cell 

proliferation. J Immunol R 170: 695-702. 

Crawford KW and Bowen WD (2002) Sigma-2 receptor agonists activate a novel apoptotic pathway 

and potentiate antineoplastic drugs in breast tumor cell lines. Cancer Res 62: 313-322. 

Crociani O, Guasti L, Balzi M, Becchetti A, Wanke E, Olivotto M, Wymore RS and Arcangeli A (2003) 

Cell cycle-dependent expression of HERG1 and HERG1B isoforms in tumor cells. J Biol Chem 278: 

2947-2955. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72413 

 21

Ekholm SV and Reed SI (2000) Regulation of G(1) cyclin-dependent kinases in the mammalian cell 

cycle. Curr Opin Cell Biol 12: 676-684. 

Fanger CM, Rauer H, Neben AL, Miller MJ, Wulff H, Rosa JC, Ganellin CR, Chandy KG and Cahalan 

MD (2001) Calcium-activated potassium channels sustain calcium signaling in T lymphocytes. 

Selective blockers and manipulated channel expression levels. J Biol Chem R 276: 12249-12256. 

Fernandez PC, Frank SR, Wang L, Schroeder M, Liu S, Greene J, Cocito A and Amati B (2003) 

Genomic targets of the human c-Myc protein. Genes Dev 17: 1115-1129. 

Ganapathy ME, Prasad PD, Huang W, Seth P, Leibach FH and Ganapathy V (1999) Molecular and 

ligand-binding characterization of the sigma-receptor in the Jurkat human T lymphocyte cell line. J 

Pharmacol Exp Ther 289: 251-260. 

Gazdar AF, Carney DN, Nau MM and Minna JD (1985) Characterization of variant subclasses of cell 

lines derived from small cell lung cancer having distinctive biochemical, morphological, and growth 

properties. Cancer Res 45: 2924-2930. 

Hanner M, Moebius FF, Flandorfer A, Knaus HG, Striessnig J, Kempner E and Glossmann H (1996) 

Purification, molecular cloning, and expression of the mammalian sigma1-binding site. Proc Natl Acad 

Sci U S A 93: 8072-8077. 

Huang S and Ingber DE (1999) The structural and mechanical complexity of cell-growth control. Nat. 

Cell Biol 1: E131-E138. 

John CS, Vilner BJ, Geyer BC, Moody T and Bowen WD (1999) Targeting sigma receptor-binding 

benzamides as in vivo diagnostic and therapeutic agents for human prostate tumors. Cancer Res 59: 

4578-4583. 

Lang F, Ritter M, Gamper N, Huber S, Fillon S, Tanneur V, Lepple-Wienhues A, Szabo I and Gulbins 

E (2000) Cell volume in the regulation of cell proliferation and apoptotic cell death. Cell Physiol 

Biochem 10: 417-428. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72413 

 22

Lupardus PJ, Wilke RA, Aydar E, Palmer CP, Chen Y, Ruoho AE and Jackson MB (2000) Membrane-

delimited coupling between sigma receptors and K+ channels in rat neurohypophysial terminals 

requires neither G-protein nor ATP. J Physiol 526 Pt 3: 527-539. 

Maeno E, Ishizaki Y, Kanaseki T, Hazama A and Okada Y (2000) Normotonic cell shrinkage because 

of disordered volume regulation is an early prerequisite to apoptosis. Proc Natl Acad Sci U S A 97: 

9487-9492. 

Maurice T, Su TP and Privat A (1998) Sigma1 receptor agonists and neurosteroids attenuate B25-35-

amyloid peptide-induced amnesia in mice through a common mechanism. Neuroscience 83: 413-428. 

Monnet FP, Mahe V, Robel P and Baulieu EE (1995) Neurosteroids, via σ receptors, modulate the [H- 

3]norepinephrine release evoked by N-methyl-D-aspartate in the rat hippocampus.  Proc Natl Acad Sci 

USA 92: 3774-3778. 

Moody TW, Leyton J and John C (2000) Sigma ligands inhibit the growth of small cell lung cancer 

cells. Life Sci 66: 1979-1986. 

Pancrazio JJ, Tabbara IA and Kim YI (1993) IK(V) conductance and cell proliferation in small-cell lung 

cancer. Anticancer Res 13: 1231-1234. 

Panyi G and Deutsch C (1996) Assembly and suppression of endogenous Kv1.3 channels in human T 

cells. J Gen Physiol 107: 409-420. 

Porter AG and Janicke RU (1999) Emerging roles of caspase-3 in apoptosis. Cell Death Differ 6: 99-

104. 

Rouzaire-Dubois B and Dubois JM (1998) K+ channel block-induced mammalian neuroblastoma cell 

swelling: a possible mechanism to influence proliferation. J Physiol 510 ( Pt 1): 93-102. 

Rybalchenko V, Prevarskaya N, Van Coppenolle F, Legrand G, Lemonnier L, Le B, and Skryma R 

(2001) Verapamil inhibits proliferation of LNCaP human prostate cancer cells influencing K+ channel 

gating. Mol Pharmacol 59: 1376-1387. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72413 

 23

Sherr CJ and Roberts JM (1995) Inhibitors of mammalian G1 cyclin-dependent kinases. Genes Dev 9: 

1149-1163. 

Soriani O, Le Foll F, Roman F, Monnet FP, Vaudry H and Cazin L (1999) A-Current down-modulated 

by sigma receptor in frog pituitary melanotrope cells through a G protein-dependent pathway. J 

Pharmacol Exp Ther 289: 321-328. 

Soriani O, Le Foll F, Galas L, Roman F, Vaudry H and Cazin L (1999b) The sigma-ligand (+)-

pentazocine depresses M current and enhances calcium conductances in frog melanotrophs. Am J 

Physiol 277: E73-E80. 

Soriani O, Vaudry H, Mei YA, Roman F and Cazin L (1998a) Sigma ligands stimulate the electrical 

activity of frog pituitary melanotrope cells through a G-protein-dependent inhibition of potassium 

conductances. J Pharmacol Exp Ther 286: 163-171. 

Storey NM, Gomez-Angelats M, Bortner CD, Armstrong DL and Cidlowski JA (2003) Stimulation of 

Kv1.3 potassium channels by death receptors during apoptosis in Jurkat T lymphocytes. J Biol Chem 

278: 33319-33326. 

Su TP and Hayashi T (2003) Understanding the Molecular Mechanism of Sigma-1 Receptors: 

Towards A Hypothesis that Sigma-1 Receptors are Intracellular Amplifiers for Signal Transduction. 

Curr Med Chem 10: 2073-2080. 

Su TP, London ED and Jaffe JH (1998) Steroid binding at sigma receptors suggests a link between 

endocrine, nervous and immune systems. Science 240: 219-221. 

Wang S, Melkoumian Z, Woodfork KA, Cather C, Davidson AG, Wonderlin WF and Strobl JS (1998) 

Evidence for an early G1 ionic event necessary for cell cycle progression and survival in the MCF-7 

human breast carcinoma cell line. J Cell Physiol 176: 456-464. 

Zerfass-Thome K, Schulze A, Zwerschke W, Vogt B, Helin K, Bartek J, Henglein B and Jansen-Durr P 

(1997) p27KIP1 blocks cyclin E-dependent transactivation of cyclin A gene expression. Mol Cell Biol 

17: 407-415. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72413 

 24

 

FOOTNOTES 

 

*This work was supported by the Centre National de la Recherche Scientifique, the 

Association pour la Recherche sur le Cancer, the University of Nice Sophia-Antipolis. A.R. 

and A.A.C. are research fellows of the Ministère de la Recherche et de l’Enseignement 

Supérieur. 

 
Reprint request: Dr Olivier Soriani, UNSA CNRS UMR 6078, Laboratoire de Physiologie des 

Membranes Cellulaires, Bât. Jean Maetz, La Darse, 284, Chemin du Lazaret, 06230 Villefranche-sur-

Mer, France. Tel. : 00 33 4 93 76 52 16. Fax : 00 33 4 93 76 52 19. email: soriani@obs-vlfr.fr 

 

1 UNSA CNRS UMR 6078, Laboratoire de Physiologie des Membranes Cellulaires, Bât. Jean 

Maetz, La Darse, 284, Chemin du Lazaret, 06230 Villefranche-sur-Mer, France.  

2 INSERM U385, Biology and Physiology of the Skin, Faculté de Médecine, 28, Av. De Valombrose, 

06107 Nice Cedex 2, France. 

 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72413 

 25

LEGENDS 

 
Fig. 1. Electrophysiological and pharmacological characterization of the VOK 

current recorded in NCI-H209 cells in the whole-cell configuration and the voltage-clamp 

mode. A, family of currents recorded in response to pulses ranging from –80 to 20 mV in 

20-mV increments (Vh= –50 mV) as shown by the voltage protocol represented 

underneath. B, corresponding I/V plot. C, Time course of the TEA (10 mM)-induced 

inhibition of the current elicited by voltage pulses from –50 to 20 mV (200 ms). D, 

Histogram showing the inhibitory effects induced by TEA (10 mM) and 4-AP (1 mM) on the 

K+ current. Experiments with TEA and 4-AP were performed on naïve cells coming from 

different culture batches. Same protocol  as in C. 

 

Fig. 2. Effects of sigma ligands on the VOK current recorded in NCI-H209 cells. A, 

two families of currents obtained from a single cell in response to pulses ranging from –80 

to 40 mV in 20-mV increments (Vh= –50 mV) as shown by the voltage protocol represented 

underneath. These currents were recorded  in the absence (left panel) or the presence 

(right panel) of (+)pentazocine (Ptz, 10 µM). B, I/V plots deduced from the currents 

presented in A. C, time course of the igmesine (10 µM)-induced inhibition of the current. 

Same protocol as in (1C). D, histogram showing the inhibitory effects induced by igmesine 

(10 µM), (+)pentazocine (10 and 0.1 µM), DTG (10 µM) on the K+ current. Same protocol 

as in 1C. E, dose-response curve of the DTG-induced inhibition of the K+ current. Values 

are mean ± S.E. Experiments with (+)pentazocine, igmesine or DTG were performed on 

naïve cells coming from different culture batches. Same protocol as in 1C. 

 

Fig. 3. Electrophysiological and pharmacological characterization of the VOK 

current recorded in Jurkat cells in the whole-cell configuration and the voltage-clamp mode. 

A, Family of currents elicited by voltage pulses from –100 to 80 mV in 20-mV increments 

(Vh= –80 mV) as shown by the voltage protocol represented underneath. B, corresponding 

I/V plot. C, histogram representing the inhibitory effect of 4-AP (1 mM) and TEA (10 mM) on 

the K+ current. Currents were monitored by iterative applications of pulses from –80 to 50 
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mV. Experiments with TEA and 4-AP were performed on naïve cells coming from different 

culture batches. Values are mean ± S.E. 

 

Fig. 4. Effects of sigma ligands on the VOK current recorded in Jurkat cells in the 

whole-cell configuration and the voltage-clamp mode. A, two family of currents elicited by 

voltage pulses from –100 to 80 mV in 20-mV increments (Vh= –80 mV) as shown by the 

voltage protocol represented underneath. The currents were recorded in the absence (left 

panel) or the presence (right panel) of (+)pentazocine (Ptz; 10 µM). B, corresponding I/V 

plots. C, Time course of the (+)pentazocine (10µM)-induced inhibition of the K+ current. The 

currents were evoked by pulses from –80 to 50 mV (300 ms). The inset shows 

superimposed currents recorded before (1) and during (2) (+)pentazocine application. D, 

histogram representing the inhibitory effect of (+)pentazocine and igmesine (10 µM each). 

Same protocol as in 3C. Values are mean ± S.E. Experiments with (+)pentazocine and 

igmesine were performed on naïve cells coming from different culture batches. 

 

Fig. 5. Effects of igmesine, TEA, 4-AP and apamin on Jurkat cell growth. A, plots 

showing the growth evolution over 3 days in the absence and in the presence of igmesine, 

10 µM (black squares and black circles respectively; n= 5). B, plots showing the growth 

evolution over 3 days in the absence and in the presence of igmesine, 30 µM (black 

squares and black circles respectively; n= 6). C, plots showing the growth evolution over 3 

days in the absence and in the presence of TEA, 10 mM (black squares and black circles 

respectively; n= 4). D, plots showing the growth evolution over 3 days in the absence and in 

the presence of 4-AP, 1 mM (black squares and black circles respectively; n= 3). E, plots 

showing the growth evolution over 3 days in the absence and in the presence of apamin, 

20 nM (black squares and black circles respectively; n= 3). F, histogram comparing the 

number of cells after three days in culture (DIC) in the absence (Ctl) and the presence of 

TEA (10 mM), igmesine (Igm; 10 µM) or igmesine + TEA (10 µM and 10 mM, respectively). 

Values are mean ± S.E. * P< 0.05 ; ** P< 0.01; *** P< 0.005; **** P< 0.0005; N.S. non 

significant (paired Student’s t test). Note that none of the solvents used to prepare sigma 

ligands solutions (DMSO or methanol) had any effect on cell growth (data not shown). 
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 Fig. 6. Effects of sigma ligands and K+ channel blockers on the level of p27kip1 in 

Jurkat and NCI-H209 cells. p27kip1 expression was assessed by Western blotting. A, p27kip1 

expression in Jurkat cells in the absence (Control, Ctl) and the presence of igmesine (Igm), 

(+)pentazocine (Ptz), DTG, TEA, 4-AP or apamin. B, p27kip1 expression in NCI-H209 cells 

in the absence (Control, Ctl) and the presence of igmesine (Igm), (+)pentazocine (Ptz), 

DTG,  TEA, 4-AP or apamin. Cells were treated with each drug for 3 days. Actin levels 

were used as controls in each experiment. The immunoblottings show typical examples 

from 3 to 8 independent experiments.  

 

Fig. 7. Effects of sigma ligands and TEA on the level of p21Cip1 in Jurkat andNCI-

H209 cells. p21Cip1 expression was assessed by Western blotting. A, p21Cip1 expression in 

Jurkat cells in the absence (Control, Ctl) and the presence of (+)pentazocine (Ptz), DTG or 

TEA. B, p21Cip1 expression in NCI-H209 cells in the absence (Control, Ctl) and in the 

presence of igmesine (Igm), DTG or TEA. Cells were treated with each drug for 3 days. 

Actin levels were used as controls in each experiment. The immunoblottings show typical 

examples from 3 to 8 independent experiments.  

 

Fig. 8. Effects of sigma ligands and TEA on the level of cyclinA in Jurkat and NCI-

H209 cells. Cyclin A expression was assessed by Western blotting. A, cyclin A expression 

in Jurkat cells in the absence (Control, Ctl) and the presence of igmesine (Igm), 

(+)pentazocine (Ptz), DTG or TEA. B, Cyclin A expression in NCI-H209 cells in the absence 

(Control, Ctl) and the presence of igmesine (Igm), (+)pentazocine (Ptz), DTG or TEA. Cells 

were treated with each drug for 3 days. Actin levels were used as controls in each 

experiment. The immunoblottings show typical examples from 3 to 8 independent 

experiments.  

 

Fig. 9. Effects of sigma ligands and TEA on caspase 3 level in Jurkat and NCI-

H209 cells. Specific caspase 3 activity is expressed in nmol of pNA/min/mg. A, Caspase 

activity of Jurkat cells in the presence of staurosporine (Stauro, 1µM, 4 h), in control 
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conditions (Ctl, 4 and 24 h following cell seeding), and in the presence of igmesine (Igm; 30 

µM, 24h), DTG (30µM, 24 h) or TEA (10 mM, 24h). B, Caspase 3 specific activity of NCI-

H209 cells incubated with staurosporine (Stauro, 1 µM, 15 h), igmesine (Igm, 30 µM, 24h), 

DTG (30 µM, 24 h) or TEA (10 mM, 24h). Values are mean ± S.E. (n= 3). 

 

Fig. 10. DNA fragmentation assay after exposure to staurosporine and DTG in 

SCLC and Jurkat cells. Left panel, DNA fragmentation of SCLC cells in control condition 

(Ctl, 15 h) and in the presence of stauroporine (Stauro, 1 µM, 15 h) or DTG (30 µM, 15 h). 

Right panel, DNA fragmentation of Jurkat cells in control condition (Ctl, 4 h) and in the 

presence of stauroporine (Stauro, 1 µM, 4 h) or DTG (30 µM, 4 h). The DNA 

electrophoresis are typical examples from 3 independent experiments.  

 

Fig. 11. Reversibility of the igmesine-induced inhibition of Jurkat cell growth. Plots 

showing the growth evolution over 6 days in the presence of igmesine or after washing. 

Cells were treated with igmesine (30 µM, n= 3) for 3 days (black squares, continuous line), 

then diluted to a cell density of 0.25 x 106 /ml and split in two populations. The two 

populations of cells were allowed to grow 3 more days in fresh medium alone (empty 

circles, n= 3) or in the presence of igmesine (30 µM, black squares, dashed line, n= 3). 

Values are mean ± S.E. (n = 3; *** P< 0.005, **** P< 0.0005, paired student’s t test). 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 26, 2004 as DOI: 10.1124/jpet.104.072413

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/

