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1 The aim of this work was to study the effects of N-salicyloyltryptamine (STP), a novel
anticonvulsant agent, on voltage-gated ion channels in GH3 cells.

2 In this study, we show that STP at 17 mM inhibited up to 59.2710.4% of the Ito and 73.178.56%
of the IKD Kþ currents in GH3 cells. Moreover, the inhibitory activity of the drug STP on Kþ

currents was dose-dependent (IC50¼ 34.678.14mM for Ito) and partially reversible after washing off.

3 Repeated stimulation at 1Hz (STP at 17mM) led to the total disappearance of Ito current, and an
enhancement of IKD.

4 In the cell-attached configuration, application of STP to the bath increased the open probability of
large-conductance Ca2þ -activated Kþ channels.

5 STP at 17mM inhibited the L-type Ca2þ current by 54.977.50% without any significant changes in
the voltage dependence.

6 STP at 170 mM inhibited the TTX-sensitive Naþ current by 22.172.41%. At a lower concentration
(17 mM), no effect on INa was observed.

7 The pharmacological profile described here might contribute to the neuroprotective effect exerted
by this compound in experimental ‘in vivo’ models.
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Introduction

A number of therapeutic approaches are utilized with the aim

of controlling epileptic seizures that affect a significant

proportion of the human population. One approach is to

develop new pharmacological agents that inhibit neuronal

hyperexcitability, presumably one of the causes of seizure

activity. Neuronal hyperexcitability is a complex phenomenon

related to ion channel function, which, as seen in different

animal models, can provoke epileptic seizures. Naþ , Kþ , and

Ca2þ channels have a fundamental role in neuronal action

potential discharge that is probably altered during seizure

episodes. STP, a new analogue of N-benzoyltryptamine, was

shown to produce anticonvulsant effects by reducing the

number of animals that experienced seizure activity in both

pentylenetetrazol (PTZ) and maximal electroshock models

(Oliveira et al., 2001). As far as we know, there have been no

cellular electrophysiological studies with STP to examine its

mechanisms of action.

We have focused on the effects of STP on electrophysiolo-

gical parameters which strongly influence neuronal excitability

including: (1) voltage-dependent Naþ and Ca2þ currents and

(2) voltage- and Ca2þ -dependent Kþ currents. By gathering a

large picture on the STP-mediated effects on neuronal

excitability, we hope to understand the putative correlation

between the basic mechanisms of action at the cellular level

and in vivo studies.

Methods

Cell culture

GH3 cells (American Type Culture Collection), a rat

neuroendocrine cell line, were cultured in DMEM-HEPES

modification (Sigma, U.S.A.) supplemented with 10% fetal

bovine serum (Cultilab, Brazil). The cells were routinely grown

as stocks in 75 cm2 flasks (Costar, U.S.A.) at 371C in a
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humidified atmosphere. The medium was changed twice a

week. For electrophysiological recordings, the cells were

subcultured on glass coverslips (Corning, #1, U.S.A.), and

plated in 47mm dishes.

Electrophysiology

In most experiments (19 out of 24), the whole-cell mode of the

patch-clamp technique was used (Hamill et al., 1981). The

electrodes were pulled on a PP-83 two-stage puller (Narishige,

Japan) from both soft (B1.5mm nonheparinized microhema-

tocrit glass capillaries, Selecta, Brazil) and borosilicate glass

capillaries (1.5mm diameter, Clark, U.K.). The pipette

resistance was 2–5MO when filled with the appropriate

pipette solution.

Membrane currents were recorded through a HEKA-EPC 9

amplifier with pulse, and pulse-fit acquisition and analysis

software (Instrutech, Germany). To minimize space-clamp

problems, only isolated cells were selected for recording. Cells

were not accepted for recording if the initial seal resistance was

o2GO. Voltage errors were minimized using series resistance

compensation (generally 50–70%). Cancellation of the capa-

citance transients and leak subtraction was performed using a

programmed P/4 protocol (Bezanilla & Armstrong, 1977).

Time-course and current–voltage data were typically collected

by recording responses to a fixed step pulse (usually 0mV,

unless otherwise indicated) or a consecutive series of step

pulses from a holding potential of �80mV, at intervals of

þ 10mV. Data collection was initiated approximately 3–5min

after break-in, when control membrane currents had stabi-

lized. Data were always recorded during continuous perfusion

of the clamped cell with extracellular solution. STP effects

were tested by recording both time-course and I–V sequences,

first in control conditions, and then during perfusion with a

test solution containing STP at the desired concentration, and

again, when possible, after STP washing off to test for

reversibility. There were no corrections for liquid junction

potentials.

Single-channel recordings

Currents flowing through single (or in few cases multiple)

Maxi-K channels in patches of surface membrane from GH3

cells were recorded using the patch-clamp technique. All

recordings were made using the cell-attached configuration.

Maxi-K channels were identified by their large conductance,

and characteristic voltage and Ca2þ dependence (Barrett et al.,

1982; Kaczorowski et al., 1996). All experiments were done at

room temperature (25–281C), and the solutions used in each

procedure are shown in Table 1. Data acquisition and voltage

protocols were controlled by a HEKA-EPC9 amplifier

controlled by the Pulse software (Instrutech, Germany).

Current traces were filtered at 2.5 kHz (4-pole Bessel Filter),

and acquired on a MacPC computer at a sampling frequency

of 10 kHz.

Single-channel analysis

Continuous gap-free records containing one or few channels

were collected and stored in a computer. Off-line analyses were

carried out using the AXGOX 3 software developed by Dr

Noel W. Davies, University of Leicester. The average current

was calculated from amplitude histograms, and the open time

probability (Popen) was calculated by the method of 50%

threshold to detect open and closed events (Beirao et al., 1994).

Solutions

See Table 1 for composition.

Statistics

All data are expressed as mean7s.e.m. Comparison of data

was performed by one-way analysis of variance, followed,

when necessary, by Bonferroni test. Po0.05 was considered

statistically significant. Prism (GraphPad Software, CA,

U.S.A.) was used for statistical analysis.

Results

Effect of STP on Naþ currents in GH3 cells

Figure 1 (panels (a) and (b)) shows typical results from the

conventional patch-clamp whole-cell technique for pulses from

�80 to 0mV (20ms duration) to elicit fast transient inward

currents (Figure 1a), which is a characteristic of Naþ currents

in GH3 cells. It can be seen that the amplitude of peak inward

current was decreased about 25% after application of 170 mM
STP. This inhibition could be reversed almost completely by

washing the drug off. The vehicle (Cremophor) was tested and

there was no effect on the Naþ current (data not shown).

Table 1 Ionic composition of solutions (mM)

NaCl KCl CsCl HEPES CaCl2 CdCl2 Glucose MgCl2

Bathing solutions (pH 7.4)

Na+ currents 140.0 F 5.4 5.0 1.8 0.5 10.0 0.5
Ca2+ currents 140.0 5.0 10.0 20.0a F 5.0 F
K+ currents 140.0 5.0 F 10.0 2.0 F 10.0 F
Maxi-BKca F 150.0 F 5.0 0.001 F F F

Pipette solutions (pH 7.2)
Na+ currents 10.0 F 130.0 5.0 F F
Ca2+ currents 10.0 F 130.0 10.0 F F
K+ currents 10.0 130.0 F 10.0 F F
Maxi-BKca F 150.0 F 5.0 F F F 1.0

aTo measure Ca2+ currents, we substituted BaCl2 for CaCl2 equimolarly.
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Figure 1b represents the time course of change in peak INa in

representative cells exposed to 170mM STP. Depolarizing

voltage steps were given every 5 s (upper panel, 0.2Hz) or

every 0.5 s (bottom panel, 2Hz). In each cell investigated, after

control current traces were collected. STP solution (170 mM)
was perfused into the bath. The amplitude of peak currents

was reduced in the presence of STP, reaching a maximal effect

after B60 s, and reversed 60–80 s after the onset of washing

out the drug. The results presented here indicate that STP

inhibits Naþ channels through a mechanism that seems to be

independent of the frequency rate. Peak INa amplitude,

normalized relative to cell capacitance (pA/pF), was plotted

as a function of voltage, to generate I–V relationships

(Figure 1c). The currents activated around �40mV, and

gradually reached maximal activation at 0mV. A comparison

of the I–V curves shows that STP at 170mM evoked a

significant decrease of INa amplitude by 22.1273.41%

(Po0.05, n¼ 5). We have also performed experiments testing

STP at 17mM on INa, but we did not observe any significant

effect (data not shown, n¼ 3).

Effects on L-type Ca2þ channels

L-type Ca2þ channel currents were recorded with Ba2þ as the

charge carrier. Naþ currents were blocked by adding TTX

(300 nM) to the external solution, and Kþ currents were

inhibited by using Csþ -based pipette solution. The major

effect of STP (17 mM) was to decrease the amplitude of L-type

Figure 1 STP decreased Naþ currents in GH3 cells. (a) Current tracings elicited by step depolarizations from �80 to 0mV for
20ms duration, before 170 mM STP (1), under STP (2), and after the removal of STP (3). (b) Upper panel – typical time course of
INa, for a representative GH3 cell elicited by 170 mM STP. STP induced a decrease of INa amplitude (2) that was almost completely
reversed by washing out the drug (3). Bottom panel – lack of frequency dependence of STP block in GH3 cells. Naþ channels were
activated with a test pulse to 0mV (20ms), from a holding potential of �80mV at 2Hz. There were no significant differences in the
amount of block when pulses were applied at higher frequencies. (c) Current–voltage relationship of INa in control conditions (open
circles, n¼ 5), in the presence of 170mM STP (closed circles, n¼ 5), and after washout (open squares, n¼ 5). The bars represent
mean7s.e.m. (d) Summary of the effects of STP on INa. STP-induced inhibition is expressed as percentage of control. The control
peak current measured at 0mV was considered as 100% (blank bar graph). Values are mean7s.e.m. with five different experiments.
*Statistically different at Po0.05.
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Ca2þ currents. Figure 2a shows records of membrane currents

of a typical GH3 cell under voltage clamp. The currents were

elicited by depolarizing the cell to 0mV for 50ms, from a

holding potential of �80mV every 5 s. These currents

inactivated very slowly during the depolarization. STP at

17mM inhibited approximately 65% of the total current through

Ca2þ channels. Block of current through Ca2þ channels

occurred faster than block of INa. After application of STP

(17mM), a steady-state block of the Ba2þ current was achieved

within about 1min (Figure 2b(2)). However, the effect of 17mM
STP was only partially reversible during 2min washout (Figure

2b(3)). The composite I–V relationship of IBa is shown in

Figure 2c (IBa amplitude was normalized to cell capacitance). IBa
began to activate at �40mV, and its amplitude increased

gradually, with depolarization attaining the maximal amplitude

at þ 10mV (pA/pF �18.573.6, n¼ 5) and at 0mV (pA/pF

�9.971.1, n¼ 5) for control and in the presence of STP (17mM),
respectively. This result suggests that STP under our experi-

mental conditions may modify the activation process of L-type

Ca2þ channels in GH3 cells. In the presence of 17mM STP, the

current density amplitude of IBa at þ 10mV was 45.0677.50%

(n¼ 5) of its control value. Figure 2d summarizes the results

described above. The current density measured at þ 10mV in

17mM STP was normalized to control. The averaged inhibition

was 54.977.50%. The finding that STP also reduces Ca2þ

currents lends support to the idea that STP may be exerting its

anticonvulsant effects through multiple mechanisms.

Effects on Kþ channels

In GH3 cells, a 50ms depolarizing step, from a holding

potential of �80 to þ 70mV, activated outward Kþ currents

that consisted of a rapidly activating and inactivating current

(Ito), followed by a delayed noninactivating current (IKD)

(Figure 3a). These two currents have already been extensively

described by others (Ritchie, 1987; Oxford & Wagoner, 1989).

Figure 2 STP inhibits Ba2þ currents in GH3 cells. (a) Whole-cell Ba2þ currents are activated by test pulses from �80 to 0mV
every 5 s. Control condition (1), in the presence of 17 mM STP (2) and after STP removal (3). (b) Representative time course of the
amplitude of IBa, measured every 5 s at 0mV (holding potential, �80mV). The cell was first exposed to control extracellular
solution. Application of STP (17 mM) induced a significant inhibition (2). After washout, IBa did not return to basal amplitude (3). (c)
Mean I–V relationships of Ba2þ currents. Peak inward current normalized to cell capacitance plotted vs test potential for cells
recorded in the absence (open circles, n¼ 5), and during STP application (filled circles, n¼ 5). Note that the peak value shifted to the
left when the cells were exposed to STP. (d) Percentage block of whole-cell Ba2þ currents by STP (17 mM, n¼ 5). The control peak
current measured at þ 10mV was considered as 100% (blank bar graph). In all experiments, the holding potential was �80mV, and
5mM Ba2þ was used as charge carrier. *Statistically different from control (Po0.05).
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In order to reliably measure the current amplitudes for the two

populations of Kþ channels, we took the first 10ms of the

depolarizing pulse to measure Ito peak values, and the last 10ms

to measure mean IKD. Figure 3a shows the superimposed

current traces recorded in control (open circle), in the presence

of 17mM STP (closed circle), and after washout (open square).

The average normalized currents measured from control and

STP-exposed cells are plotted as a function of membrane

potential in Figure 3b (peak current, Ito) and 3c (mean current,

IKD). Sequential comparisons of individual values show a

statistically significant decrease in both Ito- and IKD-normalized

current from potentials positive to 0mV. For instance, normal-

ized Ito and IKD at þ 60mV in cells exposed to 17mM STP was

significantly reduced (59.1710.40% for Ito and 73.178.6% for

IKD, n¼ 5) compared to controls. STP inhibited whole-cell Kþ

currents of Ito channels in a dose-dependent manner (Figure 3d).

Concentration–response relationships for STP block were fit to

a logistic equation of the following form:

f ¼ ðMax�MinÞ
1þ ðIC50=½STP�ÞN

þMin

The half-maximal inhibition concentration (IC50) for block

of Ito currents was 34.678.14 mM (n¼ 4–6 cells).

Figure 3 Effect of STP on voltage-dependent outward Kþ currents in GH3 cells. (a) Current records elicited by step depolarization
before (open circle), during the perfusion of 17 mM STP (closed circle), and after STP washout (open square). I–V plots of both the
maximal Ito current amplitudes (b), and the mean current at the end of the 50ms test pulses (c) are shown. Data are mean7s.e.m. of
either Ito or IKD current values, normalized to the respective maximal current amplitude measured at þ 70mV. (d) Dose–response
relationship showing the effect of STP on Ito currents. The percentage of current inhibition corresponds to the fraction of the peak
current that is inhibited by different concentrations of STP, compared with the control value of peak current measured at þ 70mV.
Data points were obtained from 4–6 cells, and were fit by a logistic function (see text for details).
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To investigate the possibility of any use-dependent effects on

voltage-dependent Kþ currents caused by STP exposure, 20

repetitive 300ms depolarizing pulses to þ 50mV at a

frequency of 1Hz were applied to GH3 cells (n¼ 4 cells).

Figure 4a and b shows the representative superimposed

original current traces obtained after applying a pulse train

at a frequency of 1Hz in the absence (Figure 4a) and presence

of 17 mM STP (Figure 4b). The normalized amplitude of Ito
induced by each pulse successively applied in the absence and

presence of STP is plotted in Figure 4c. Under control

conditions, the peak amplitude of the Ito current slightly

decreased during a pulse train. In the presence of 17mM STP,

the peak current amplitude elicited by the first depolarizing

pulse was not significantly reduced (Figure 4b), indicating an

absence of tonic block. The peak amplitude of Ito thereafter

progressively decreased until a new ‘steady-state inhibition’

was reached. One important point that should be addressed is

the significant increase of the outward current observed during

the pulse train, which makes the interpretation of the data

presented in Figure 4 rather difficult. However, outward

current increase during the pulse train may be related to the

STP neuroprotective effect previously described (Oliveira et al.,

2001).

Effect of STP on Maxi-K channels in cell-attached
patches

The open probability of the Maxi-K channel is dependent both

on membrane potential and [Ca2þ ]i (Kaczorowski et al., 1996;

Lingle et al., 1996; Cui et al., 1997; Gribkoff et al., 1997). In an

attempt to determine the possible effect of STP on Maxi-K

channel in GH3 cells, we measured single-channel currents

under the condition that the open probability was small, but

that it could be reliably measured. These experiments were

carried out using the cell-attached configuration, and the

pipette solution contained Kþ at 150mM. The membrane-

patch potential was clamped at þ 70mV. Figure 5a(1)

(control) and b(1) (in the presence of STP) illustrates how

STP modifies gating of a single Maxi-K channel. In control

(Figure 5a(3)), channel open probability was low (0.007), and

brief bursts of channel openings are separated by long closed

periods. Addition of 17mM STP by using a fast exchange

solution device (Leao et al., 2000) to the bath caused an

increase in average channel open probability to 0.016 (Figure

5a(3)). A similar effect was observed in four out of five patches

analyzed. Inspection of the single-channel record suggests a

possible mechanism for activation of the channel by STP. A

striking difference from control is the appearance of discrete

episodes of high channel open probability in the presence of

STP (see Figure 5a(1) and b(1)). Since intracellular Ca2þ is

required for activation of Maxi-K channels, and assuming that

STP does not substitute for Ca2þ in causing channel opening,

one possible mechanism that we can think of is that STP may

modify the ability of Ca2þ to open Maxi-K channels. The

underlying mechanism by which STP changes the gating of

Maxi-K channels was not addressed in the present study.

Discussion

Anticonvulsants are a chemically diverse class of compounds

that share the ability to alleviate the symptoms of epileptic

episodes. Several previous studies have shown that these drugs

can have different targets and mechanisms of action (Micheli,

2000; Pandeya et al., 2000; Pilip et al., 2000; Bonifacio et al.,

2001; Fischer et al., 2001; Freiman et al., 2001; Hassel et al.,

2001; Moldrich et al., 2001). In a systematic analysis of the

natively expressed ion channels in GH3 cells, we show here

that STP follows the general profile already described for other

anticonvulsant drugs, but has the unexpected property of

enhancing the calcium-activated Kþ channel activity, making

it a very interesting compound to be investigated.

Current work on epilepsy reveals an expanding list of seizure

phenotypes arising from ion channel dysfunctions (Steinlein &

Noebels, 2000). Epilepsy arises from the disruption of

neuronal firing properties that are determined by the concerted

activity of different ion channels. These facts imply that an

inhibitory action such as the one reported here could account

for the described effect of STP (Oliveira et al., 2001).

Anticonvulsant agents have been reported to inhibit voltage-

gated ion channels, including Naþ , Ca2þ , and Kþ channels

(Funahashi et al., 2001; Kwan et al., 2001; Patten et al., 2001).

The STP effect on INa current was small, compared with data

from other related drugs (Haeseler et al., 2000; 2001; Sun &

Lin, 2000; Madeja et al., 2001; Xie et al., 2001). Moreover,

unlike these other drugs (Gebhardt et al., 2001), inhibition by

STP was not use-dependent. We did not see increased

inhibition or faster onset of inhibition when the drug was

applied during 2Hz stimulation compared to 0.2Hz. Further-

more, STP did not change the INa voltage dependence. Even

though the effect of STP on INa was small, Na
þ channels may

still be a good candidate to explain the blockade of epilepti-
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Figure 4 Use-dependent effects induced by STP. Original records
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20 depolarizing pulses (300ms in duration) from �80 to þ 50mV, at
a frequency of 1Hz. (c) Plot of normalized current under control
conditions (open circles) and in the presence of 17 mM STP (closed
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of the current at every pulse were normalized to the peak amplitudes
of current obtained at the first pulse.
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form discharges, because they are responsible for the

membrane depolarization.

Cortical spike-wave discharges have been identified in mice

carrying a class of mutations in genes encoding voltage-gated

calcium channels (Steinlein & Noebels, 2000). Calcium

channels are important regulators of membrane excitability

and neurotransmitter release. STP at 17mM inhibited the total

currents through Ca2þ channels by 55%. These cells have been

reported to express both T- and L-type Ca2þ channels.

However, the absence of fast inactivation in our records

suggests that L-type channels dominate in the cells we studied.

The strong inhibition of high-voltage-activated (HVA) Ca2þ

channels we observed, suggests that modulation of HVA Ca2þ

currents plays a role in the efficacy of STP as an antic-

onvulsant. A similar observation has been published pre-

viously, where it was suggested that this class of drugs interacts

with the a2d subunit, which regulates channel gating (Stefani

et al., 2001).

There is evidence relating voltage-dependent Kþ channels

with clinical epileptic phenotypes. Two genes that encode

novel voltage-dependent Kþ channels of the KQT subfamily

are implicated in epilepsy syndromes (Leppert, 2000). Func-

tional studies of these genes showed that KCNQ2/Q3

heteromultimeric channels represent a molecular correlate of

the neuronal M-current, which regulates subthreshold elec-

trical excitability (Wang et al., 1998). Retigabine, an antic-

onvulsant agent, prevents epileptiform activity induced by 4-

aminopyridine, bicuculline, low Mg2þ , and low Ca2þ in

hippocampal slices, and seizures induced by PTZ, maximal

electroshock, and N-methyl-D-aspartate (NMDA) in rodents

(Wickenden et al., 2000). Retigabine, like many other

antiepileptic substances including STP, seems to exert its

action via multiple mechanisms. This compound has the ability

to open Kþ channels in neuronal cells, one feature that sets it

apart from currently available anticonvulsant drugs, such as

phenytoin, carbamazepine, and valproate (Rundfeldt, 1997).

Figure 5 Effect of STP on the activity of Maxi-K channels in cell-attached patches. GH3 cells were bathed in high Kþ solution
(150mM). The cell was held at þ 70mV and the original current record was obtained in control and during the STP application
(17mM) into the bath. Panel (a(1)) shows a typical control record. Panel (b(1)) depicts current traces showing the change in the
activity of Maxi-K channels after the addition of STP. Channel openings are shown as an upward deflection. Panels (a(2)) and (b(2))
represent the amplitude histograms in the absence and presence of STP, respectively. All data points shown in the amplitude
histograms were fitted by two Gaussian distributions, using the method of maximum likelihood. The closed state corresponds to the
peak at 0 pA. (a-3) Shows the calculated open probability for control, and in the presence of STP (17 mM).
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In a recent paper, Wickenden et al. (2000) showed that

retigabine potently enhances KCNQ2/Q3 currents by inducing

leftward shifts in the voltage dependence of channel activation.

Our work shows that STP inhibits both the transient outward

Kþ current and the sustained Kþ current in GH3 cells (Figure

3b and c, but see comment in the text). These findings are

surprising, as one might assume that they would lead to cellular

hyperexcitability. This would be at odds with the general rule of

diminished excitability as a general mechanism of anticonvul-

sant drugs. The most intriguing result that we reported here was

the significant increase in the Maxi-K channel activity caused by

STP, and, because of its large conductance, it may generate a

hyperpolarization which could prevent epileptiform discharges

from spreading. Large-conductance calcium-activated potas-

sium channels are widely distributed in the brain. Maxi-K

channels function as neuronal Ca2þ sensors, and contribute to

the control of cellular excitability and the regulation of

neurotransmitter release. Currently, little is known of any

significant role of Maxi-K channels in the genesis of neurolo-

gical diseases. Recent advances in the molecular biology and

pharmacology of these channels have revealed sources of

phenotypic variability, and demonstrated that pharmacological

agents can successfully modulate them (Shieh et al., 2000).

It is tempting to speculate that activation of Maxi-K

channels may be responsible for at least part of the anti-

convulsant activity presented by this drug in ‘in vivo’ models.

Understanding the underlying mechanism by which STP

enhances the Maxi-K activity is an important area for future

study. All experiments were performed using the cell-attached

mode, raising the possibility that the observed effects of STP

on Maxi-K channels in GH3 cells may involve intracellular

signal transduction pathways.

Taken together, our findings establish that STP has a rather

large spectrum of effects at the cellular level. From a functional

viewpoint, the composite action of STP may prevent the ability of

neuronal cells to generate action potentials. Moreover, structure–

activity studies with derivatives of STP could be particularly useful

in the development of new compounds that will be more selective,

and therefore more effective in the treatment of human epilepsies.
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