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Abstract

Bursting activity by midbrain dopamine neurons reflects the complex interplay between their

intrinsic pacemaker activity and synaptic inputs. Although the precise mechanism responsible for

the generation and modulation of bursting in vivo has yet to be established, several ion channels

have been implicated in the process. Previous studies with nonselective blockers suggested that

ether-a-go-go-related gene (ERG) K+ channels are functionally significant. Here,

electrophysiology with selective chemical and peptide ERG channel blockers (E-4031 and

rBeKm-1) and computational methods were used to define the contribution made by ERG

channels to the firing properties of midbrain dopamine neurons in vivo and in vitro. Selective ERG

channel blockade increased the frequency of spontaneous activity as well as the response to

depolarizing current pulses without altering spike frequency adaptation. ERG channel block also

accelerated entry into depolarization inactivation during bursts elicited by virtual NMDA receptors

generated with the dynamic clamp, and significantly prolonged the duration of the sustained

depolarization inactivation that followed pharmacologically evoked bursts. In vivo, somatic ERG

blockade was associated with an increase in bursting activity attributed to a reduction in doublet

firing. Taken together, these results show that dopamine neuron ERG K+ channels play a

prominent role in limiting excitability and in minimizing depolarization inactivation. As the

therapeutic actions of antipsychotic drugs are associated with depolarization inactivation of

dopamine neurons and blockade of cardiac ERG channels is a prominent side effect of these

drugs, ERG channels in the central nervous system may represent a novel target for antipsychotic

drug development.
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Introduction

Midbrain dopamine (DA) neurons exhibit a continuum of patterned activity ranging from a

tonic single-spike firing to a multiple-spike bursting discharge (Grace & Bunney, 1984a;

Grace & Bunney, 1984b; Sanghera et al., 1984). Burst firing, which occurs in response to

novel stimuli and has been implicated in some forms of reinforcement learning (Ljungberg

et al., 1992; Montague et al., 1996; Pan et al., 2005; Roesch et al., 2007), is driven by

changes in synaptic input and is strongly influenced by the intrinsic electrical properties of

the DA neuron (Overton & Clark, 1997; Morikawa & Paladini, 2011).

A variety of voltage- and ligand-gated ion channels are thought to participate in the

generation of DA cell bursting activity; these include NMDA receptors and L-type Ca2+

channels (Shepard & Stump, 1999; Morikawa et al., 2003; Deister et al., 2009; Putzier et al.,

2009a). Apamin-sensitive, small-conductance Ca2+-activated K+ (SK) channels have also

been suggested to play a prominent role. Selective blockade of SK channels enhances

NMDA-induced bursting in vitro (Johnson et al., 1992; Seutin et al., 1993) and increases the

incidence and intensity of spontaneous bursting activity in vivo (Waroux et al., 2005; Ji &

Shepard, 2006). In brain slices, blockade of SK channels also results in a significant

prolongation of an intrinsic pacemaker oscillation resulting in a plateau depolarization

capable of driving the membrane into a temporary state of depolarization inactivation

(Nedergaard et al., 1993; Ping & Shepard, 1996; Johnson & Wu, 2004). Resumption of

spontaneous firing occurs following repolarization of the plateau potential through a

conductance mechanism that has yet to be identified.

A computational approach previously showed that the kinetics of an ether-a-go-go-related

gene (ERG) potassium current (IERG) is suitable for terminating plateau potentials in DA

neurons (Canavier et al., 2007). Genes encoding three distinct ERG channel subunits have

been identified in mammalian brain, and moderate levels of the corresponding proteins are

expressed in neurons within the ventral midbrain (Saganich et al., 2001; Papa et al., 2003).

Although by no means selective, antipsychotic drugs capable of inducing depolarization

block in DA neurons are also potent blockers of ERG K+ channels (Kongsamut et al., 2002;

Shepard et al., 2007). Haloperidol, which exhibits nanomolar affinity for the ERG channel

(Ekins et al., 2002), prolongs plateau potentials in DA neurons (Canavier et al., 2007) and

attenuates a slow, Ca2+-independent afterhyperpolarization, which may be produced by an

ERG K+ current (Nedergaard, 2004). However, it remains unknown whether selective ERG

channel blockers alter the activity of DA neurons in a manner consistent with their

hypothesized role in modulating neuronal excitability.

Here, the role of ERG channels in regulating the excitability of midbrain DA neurons was

determined with the use of mechanistically and structurally diverse selective ERG channel

blockers in vitro and in vivo. E-4031 and the peptide recombinant BeKm-1 (rBeKm-1)

reveal that ERG K+ channels are active in the voltage range around firing threshold where
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they play a prominent role in modulating neuronal excitability and in minimizing

depolarization inactivation of spike-generating mechanisms in DA neurons.

Materials and methods

All experiments were performed using male Sprague–Dawley rats (Charles River,

Wilmington, MA, USA or Hilltop Lab Animals, Scottdale, PA, USA). Animals were housed

two per cage in a temperature-controlled vivarium under scheduled lighting conditions

(12:12 h light:dark cycle) and provided with unrestricted access to food and water. All

experiments were conducted with prior approval from the respective Institutional Animal

Care and Use Committees at the University of Pittsburgh and the University of Maryland

School of Medicine, and were performed in strict accordance with the procedures described

in the Guide for the Care and Use of Laboratory Animals (2010).

Current-clamp recording

DA neurons in the zona compacta of the substantia nigra or medial ventral tegmental area

were identified by their electrophysiological characteristics and patchclamped as described

previously (Ji et al., 2009). Briefly, rats (postnatal days 13–21) were anesthetized with

chloral hydrate (400 mg/kg, i.p.) and decapitated, and the brain placed in ice-cold artificial

cerebrospinal fluid (aCSF) consisting of (in mM) NaCl, 124; KCl, 4.0; NaH2PO4, 1.25;

MgSO4, 1.2; NaHCO3, 25.7; CaCl2, 2.45; ascorbate, 0.15; and glucose, 11; (pH 7.35, 295–

305 mOsm). Coronal sections (250 µm) containing the substantia nigra were prepared using

a vibrating tissue slicer and maintained in oxygenated aCSF at room temperature for a

minimum of 1 hour. Whole slices were transferred to a recording chamber mounted on the

stage of an Olympus BX51WI microscope and superfused (1.5 ml/min) with oxygenated

aCSF maintained at 30°C. DA neurons were visualized at 40× using infrared differential

contrast optics. Patch pipettes were prepared from standard-wall borosilicate tubing (1.5 mm

OD; WPI, Sarasota, FL, USA) and filled with a solution containing (in mM): K-gluconate,

131; KCl, 9; HEPES, 20; EGTA, 0.1; Mg-ATP, 5; and GTP TRIS, 0.5 (pH 7.2, osmolarity

280–290 mOsm), giving a resistance of 8–18 MΩ. Electrodes were advanced under positive

pressure and, on contact with a putative DA neuron, high-resistance seals were formed by

application of negative pressure. The membrane was ruptured by suction and the membrane

potential monitored using an Axoclamp 2B amplifier. Voltage recordings were digitized at

10 kHz using a laboratory interface and acquired with the PCLAMP software package

(Molecular Devices, Sunnyvale, CA, USA). Timed current pulses were generated using a

digital pulse generator and applied to the cell through the bridge circuit of the amplifier.

Dynamic-clamp recordings

Dynamic-clamp experiments were conducted as previously described (Putzier et al., 2009b).

In brief, postnatal days 14–21 male Sprague–Dawley rats were anesthetized with isoflurane

and decapitated. The brain was removed and placed in an ice-cold, sucrose-based aCSF

containing (in mM): NaCl, 87; sucrose, 75; KCl, 2.5; NaHCO3, 25; NaH2PO4, 1.25; CaCl2,

0.5; MgSO4, 7.0; glucose, 25; ascorbic acid, 0.15; and kynurenic acid, 1; pH 7.4, saturated

with 95% O2 and 5% CO2. Coronal midbrain slices (250 µm) were cut with a vibratome
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(Vibratome 3000; The Vibratome Company) in sucrose-based aCSF and then incubated in

the same solution at room temperature for at least 1 h.

DA neurons were identified by location and electrophysiological characteristics, and patch-

clamped as described previously (Putzier et al., 2009b). The patch-clamp pipette solution

contained (in mM): potassium gluconate, 120; KCl, 20; HEPES, 10; MgCl2, 2; EGTA, 0.1;

and ATP, 1.2; pH 7.3. Oxygenated standard aCSF was used for bath perfusion at 2 ml/min

and contained (in mM): NaCl, 124; KCl, 4; NaHCO3, 25.7; NaH2PO4, 1.25; CaCl2, 2.45;

MgSO4, 1.2; glucose, 11; and ascorbic acid, 0.15; pH 7.4. Whole-cell recordings were

performed at 30–32°C, using an AM Systems 2400 amplifier in conjunction with the G-

clamp dynamic-clamp system, as previously described (Kullmann et al., 2004; Putzier et al.,

2009b). The conductance model for NMDA receptors [i.e., INMDA = gNMDA × (Vm −

ENMDA)/(1 + ([Mg2+]o/3.57) × exp (−Vm × 0.062)] was based on Jahr & Stevens (1990),

where the Mg2+ parameter was set to 1.4 mM and the reversal potential for NMDA

(ENMDA) was set to 0 mV. Vm was the instantaneous membrane potential, gNMDA was the

NMDA conductance to be added, and INMDA was the resulting instantaneous NMDA

current to be injected. In dynamic-clamp experiments, 5–20 nS of gNMDA was added to DA

neurons. Then E-4031 dihydrochloride was superperfused over the slice at a rate of 2 ml/min

for 8–10 minutes and the virtual NMDA conductance at which depolarization block first

manifested under control conditions was reintroduced to the neuron.

Extracellular single-unit recording

Rats (300–350 g, postnatal days 60–75) were anesthetized with chloral hydrate (400 mg/kg,

i.p.) and the soft tissue surrounding the ear canals and wound margins infiltrated with 2%

mepivacaine before positioning the animal in a stereotaxic frame. Body temperature was

maintained at 37 °C using a feedback-controlled heating pad. The scalp was incised and a

burr hole drilled in the skull overlying the ventral midbrain. Recording electrodes were

prepared from glass capillary tubing (1.5 mm OD; WPI) and filled with 0.5 M NaCl, or 0.5

M NaCl + 6 mM E-4031. Tips were broken back to achieve a final impedance of 4 – 6 MΩ

in vitro and the electrodes positioned within the ventral midbrain (4.8 – 5.3 mm posterior

from bregma, 1.2–2.5 mm lateral to the midline, 6.8 mm ventral to pial surface). Single-unit

activity from well isolated cells was amplified, filtered (0.1 – 8 kHz bandpass) and

monitored visually and aurally. Individual spikes were discriminated from background noise

and digitized at 10 KHz using a laboratory interface and the Spike 2 software package

(CED1401; CED, Cambridge, England). Cells were identified as dopaminergic based on

their location and well-defined electrical characteristics including long duration (> 2.6 ms),

triphasic action potentials, moderately slow firing rates (1–8 Hz) and irregular single-spike

and burst-firing discharge patterns (Bunney et al., 1973; Wilson et al., 1977; Wang, 1981;

Grace and Bunney, 1983).

E-4031 was applied locally to DA neurons by passive diffusion from recording electrodes as

described previously (Steward et al., 1990; Tepper et al., 1995). Electrodes containing saline

or saline + E4031 were used to record the activity of several DA neurons in each animal. To

prevent contamination, three to five neurons were recorded using saline-filled electrodes

prior to switching to drug-filled pipettes. Well isolated DA neurons were recorded for 10–15
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minutes to establish their basal firing characteristics. Rate histograms were compiled in real

time using a 10-s bin width. Interspike interval distributions were constructed off-line from

500 consecutive spikes and used to compute the coefficient of variation, an index of the

regularity of neuronal firing. Spike trains were also analyzed for evidence of bursting

activity as previously defined and validated (Grace & Bunney, 1984a). Briefly, burst

initiation was defined as a spike pair with an interspike interval ≤ 80 ms. All subsequent

spikes were considered part of the burst until an interval > 160 ms was encountered, which

signaled burst termination. Unless otherwise indicated, spike doublets were included in the

burst count. However, individual cells had to exhibit a minimum of three three-spike bursts

in 500 consecutive events to be classified as a burst-firing neuron.

Drugs

N-[4-[[1-[2-(6-Methyl-2-pyridinyl)ethyl]-4-

piperidinyl]carbonyl]phenyl]methanesulfonamide dihydrochloride (E-4031 dihydrochloride)

was obtained from Tocris Cookson (Ellisville, MO, USA) prepared as a concentrated stock

solution (10 mM) in deionized water. Individual aliquots of the stock were diluted in 0.5

mM NaCl or normal aCSF for use in the in vivo and in vitro recording studies, respectively.

rBeKm-1 was obtained as a lyophilized powder from Alomone Labs (Jerusalem, Israel) and

reconstituted in normal aCSF. R-N-(benzimidazol-2-yl)-1,2,3,4-tetrohydro-1-naphtylamine

(NS8593) was obtained as a gift from NeuroSearch A/S (Ballerup, Denmark), dissolved in

dimethylsulfoxide and diluted at least 1000-fold in normal aCSF prior to use. All other

reagents were obtained from Sigma-Aldrich (St Louis, MO, USA).

Statistics

Unless otherwise indicated, all data are expressed as the arithmetic mean ± SEM. In some

cases, the least-squares mean and corresponding SEM are provided. Drug and vehicle

(control) responses were collected at approximately the same post-treatment interval (± 5

min). Omnibus testing was conducted using a Student’s t-test or repeated-measures ANOVA

(RMANOVA) unless the underlying assumptions of normality and equal variance were violated

in which case the Wilcoxon signed-rank test was substituted. Single and multiple post hoc

comparisons were made using the Bonferroni or Holm–Sidak method. All post hoc

comparisons were two-sided at α = 0.05.

Computational modeling

A schematic model was implemented in NEURON (Hines & Carnevale, 1997) and consisted

of a soma with four dendrites that each branched once. All compartments had the same

conductance densities for a constitutively active G-protein inwardly-rectifying K+

conductance (Bradaia et al., 2009), a sodium leak (Khaliq & Bean, 2010), an L-type calcium

conductance (Durante et al., 2004), a composite potassium conductance based on the

composite from Ding et al. (2011a), a tetrodotoxin-sensitive sodium conductance (Seutin &

Engel, 2010), an ERG conductance, a calcium-activated potassium conductance (Ping &

Shepard, 1996) and an M-type potassium conductance (Drion et al.). A slow component of

inactivation was added to the sodium channel per Ding et al. (2011a) and following

Fernandez & White (2010). The ERG current is modeled as in Canavier et al. (2007) using a
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three-state kinetic scheme (C↔O↔I) with transition rates adjusted to fit macroscopic

current recordings from Xenopus oocytes expressing HERG channels (Ficker et al., 1998).

Equations and parameters are given in the Supplementary Material.

Results

IERG affected pacemaker and evoked spiking activity

The functional effects of ERG channels in midbrain DA neurons were assessed using two

structurally unrelated ERG K+-channel blockers with disparate mechanisms of action. In the

first set of experiments, cell-attached patch-clamp recording techniques were used to

determine the effects of E-4031 (1–10 µM) and rBeKm-1 (50 nM) on the firing rate,

discharge pattern and intrinsic oscillatory activity exhibited by DA neurons in brain slices.

Addition of E-4031 to the tissue superfusion solution resulted in a concentration-dependent

increase in neuronal firing rate (RMANOVA F3.21 = 18.3, P < 0.001, n=8; Fig. 1A–E).

Maximal effects were observed in response to 3 µM E-4031 and resulted in a 56% increase

in firing (range 12–107%; Fig. 1E). Nearly identical effects were obtained following bath

application of rBeKm-1 at a concentration of 50 nM, which resulted in a 54% increase in

firing rate (Paired t7=−7.3, P< 0.001; range 21– 100%, n=8; Fig. 1F). The excitatory effects

of ERG block on spontaneous activity were accompanied by an increase in the precision of

firing as demonstrated by a reduction in the interspike interval coefficient of variation

(Wilcoxon signed-rank test, P < 0.05; Fig. 1H). A similar trend was observed in response to

E-4031 (RMANOVA F3,21 = 2.6, P=0.08; Fig. 1G). The effects of both ERG channel blockers

were slow to develop, reaching a steady state after 15–20 minutes of continuous superfusion.

To further define the role of ERG K+ channels in regulating the excitability of DA neurons,

the number of spikes elicited by rectangular current pulses (0.05 – 0.2 nA, 1 sec duration)

was compared before and after bath application of 50 nM rBeKm-1. Two-way RMANOVA

revealed significant main effects for current intensity (F3,21 = 148.9, P < 0.001) and

treatment (F1,7 =6.6, P< 0.05; Fig. 2A). Although there was no evidence of a current ×

treatment interaction, a significant difference was observed in the average number of spikes

elicited between control and rBeKm-1 treated cells (least-squares mean ± SEM: control, 4.6

± 0.1 spikes; rBeKm-1, 5.1 ± 0.1 spikes; Holm–Sidak method, t=2.6, P <0.05). Additional

evidence of an increase in neuronal excitability following ERG block was obtained by

comparing the latency to onset of the first spike in trains of spikes evoked before and after

rBeKm-1. As illustrated in Fig. 2C, rBeKm-1 (50 nM) decreased the interval between the

onset of the current pulse and the occurrence of the first action potential in the train. The

effect was most pronounced at 0.05 nA and diminished as the intensity of the stimulus

current increased.

Trials in which depolarizing current steps evoked an identical number of spikes before and

after rBeKm-1 provided an opportunity to assess the effects of ERG channel block on spike

frequency adaptation. To isolate the effect of ERG on adaptation, the instantaneous

frequency of consecutive spike pairs was expressed as a percentage of the maximal

frequency and plotted as a function of its position in the train (Fig. 2B). Individual trials,

comprised of between four and seven spikes obtained from six neurons, were used in this

analysis. Although control and rBeKm-1 trials consisted of an identical number of spikes,
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the average instantaneous frequency associated with the first several spikes evoked in

rBeKm-1 was higher that associated with the corresponding spike pairs in control trials.

Despite this early increase in neuronal excitability, blockade of ERG K+ channels did not

prevent the typical accommodation in firing frequency and by the third spike in the train

both control and rBeKm-1-treated neurons were firing at essentially the same rate (spike

positions 4 and 5, Fig. 2B).

This result was surprising given the excitatory effects of ERG blockade on basal firing rate.

To gain insight into this observation, the role of ERG channels was examined in a model

that recapitulated the role of ERG channels in pacemaker activity: eliminating gERG in the

computational model resulted in a 50% increase in spontaneous activity. Furthermore,

consistent with actual recordings from nigral brain slices, where input resistance measured at

hyperpolarized potentials was not significantly changed by rBeKm-1 (control, 438 ± 26 MΩ;

rBeKm-1, 50 nM, 468 ± 25 MΩ; paired t7= −1.7, P > 0.1) or E-4031 (RMANOVA, F3,21 =1.5,

P > 0.2), the modeled ERG conductance made only a small contribution to the total somatic

current at hyperpolarized potentials: in the model, the input resistance measured from −60

mV was 460 MΩ under control conditions (gERG=6 µS/cm2) and 456 MΩ with the

corresponding conductance gERG set to zero. The model also mimicked the limited effect of

ERG channels on steady-state firing induced by sustained depolarization (i.e., as found

above in Figure 2). Examination of the ERG conductance during modeled spike adaptation

showed that, although IERG might be expected to summate at higher frequencies, ERG

current actually comprises a smaller fraction of the total current at higher frequencies and

thus the effect of ERG blockers on steady frequency decreases with increasing frequency.

Thus, the effects of E-4031 and rBeKm-1 on pacemaker and evoked activity are consistent

with the expected behavior of ERG channels.

IERG limited plateau oscillations

DA neurons in vitro exhibit an intrinsic oscillation in membrane potential that persists in the

presence of tetrodotoxin (Fujimura & Matsuda, 1989; Harris et al., 1989; Yung et al., 1991;

Kang & Kitai, 1993). Negative modulation of SK-type Ca2+-activated K+ channels changes

the sinusoidal character of the oscillation, resulting in the appearance of a regenerative

depolarizing plateau potential capable of driving a type of intrinsic bursting activity

(Nedergaard et al., 1993; Ping & Shepard, 1996; Ji et al., 2009). In a previous study, we

found that haloperidol, a potent ERG K+ channel blocker and antipsychotic drug,

significantly prolonged the plateau portion of the oscillation. These data, together with the

established role of ERG K+ channels in repolarizing cardiac plateau potentials, prompted us

to assess the effects of E-4031 on regenerative plateau potentials in DA neurons in brain

slices. Bath application of the negative SK channel modulator NS8593 (1–10 µM) resulted

in the appearance of intrinsic bursting activity characterized by a group of closely spaced

action potentials superimposed on a ramp-shaped depolarization that appeared to drive the

neuron into a temporary state of depolarization block (Fig. 3A). Small-amplitude spikes

were infrequently observed during the plateau phase of the oscillation. In 11 of 23 neurons

tested, addition of E-4031 (10 µM) significantly increased the duration of the plateau (Fig.

3B), defined as the interval between the last full spike in the burst and the point at which the

membrane potential crossed, and remained negative to, the value at the start of the plateau.
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As a group, these cells showed an average increase of 90.7 ± 27% in the plateau duration

(control, 2.3 ± 0.6 s; E-4031, 4.0 ± 0.9 s; paired t9=-4.0, P=0.003). Only two cells were

unaffected by the drug (<10% change). In the remaining 13 neurons, ERG block resulted in

a sustained (> 2 min) depolarization and an attendant loss of spontaneous activity that

appeared to be attributable to the induction of depolarization block. Figure 3D shows an

example of one such cell in which the onset of spiking following a 20-minute superfusion

with E-4031 resulted in the abrupt loss of spontaneous activity and a sustained membrane

depolarization (Vm = −36 mV). Brief (200-ms) hyperpolarizing current pulses (Fig. 3D,

lower trace, vertical arrows) triggered an abrupt repolarization of the membrane potential

and a recommencement of spontaneous spiking that was again eliminated as the membrane

was driven back into depolarization block. None of the cells that entered a persistent state of

depolarization block recovered spontaneously.

IERG delayed NMDA-induced depolarization inactivation

Bursting activity in DA neurons depends on excitatory synaptic input, and loss of

glutamatergic afferents is believed to be principally responsible for the absence of

spontaneous bursting activity in brain slices (Overton & Clark, 1997). In an effort to assess

the effects of ERG K+ channel block on NMDA-mediated bursting, we employed a

dynamic-clamp technique to simulate transient activation of these receptors in vitro. As

previously reported (Putzier et al., 2009a), introduction of 20 nS of virtual NMDA current

into a DA neuron evoked a burst of activity that rapidly drove the membrane into a state of

depolarization inactivation (Fig. 4A). ERG channel blockade with 10 µM E-4031

significantly decreased the duration of spiking activity before the onset of depolarization

block (Fig. 4B, E and G). However, the mean and peak firing frequencies were not

significantly affected by E-4031 (peak frequency: control, 17.0 ± 2.25 Hz vs. E-4031, 18.2 ±

1.98 Hz, P = 0.614; mean frequency: control =, 11.1 ± 1.45 Hz vs. E-4031, 12.98 ± 1.57 Hz,

P = 0.1959; n = 5) due to a concomitant decrease in the total number of spikes discharged

prior to the cessation of spiking (Fig. 4F and H).

Nearly identical results were obtained in simulated voltage traces generated by our

computational model. As illustrated in Fig. 4C, the model simulated the production of a

burst of spikes as well as the subsequent induction of depolarization inactivation during a

virtual pulse of NMDA conductance. Simulation of ERG block by reducing gERG to 0

reduced the duration of the burst without affecting spike frequency (Fig. 4D). These results

suggest that ERG K+ channels play a significant role in delaying the onset of NMDA-

induced depolarization inactivation in DA neurons.

ERG block promoted burst firing in vivo

In the final group of experiments, extracellular single-unit recording techniques were used to

determine the effects of local application of E-4031 to the soma on the activity of individual

DA neurons in chloral hydrate-anesthetized rats. A total of 92 spontaneously active DA cells

were sampled across the anteroposterior extent of the nucleus. Of these, 48 were recorded

using saline-filled electrodes while the remaining 43 cells were recorded using pipettes

containing saline + 6 mM E-4031. As illustrated in Fig. 5A, DA cells recorded using

E-4031-containing electrodes were more likely to meet the operational definition of a
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bursting discharge (40/43) than those recorded using saline-filled electrodes (30/48); χ2

10.2, P=0.001). As a group, E-4031-treated cells fired faster (4.8 ± 0.3 Hz) than neurons

sampled from the same rats using saline-filled electrodes (4.0 ± 0.2 Hz; t89= 2.1, P < 0.05;

Fig. 5B). This appeared to be due to the increased incidence of bursting activity among

E-4031-treated cells as no differences were observed between the treatment groups when the

comparison was limited to cells exhibiting a bursting discharge (control–burst firing only,

4.6 ± 0.3 Hz; E-4031–burst firing only, 4.9 ± 0.2 Hz; P = 0.4). The effects of E-4031 on

firing rate and pattern did not change significantly during the course of the recording (Fig.

5B).

The ability of E-4031 to prolong the duration of plateau depolarizations in vitro suggested

that local application of the drug to DA neurons in vivo might increase the number of spikes

discharged per burst. However, as illustrated in Fig. 5C, the percentage of bursts comprised

of between five and 10 spikes did not differ between groups of cells recorded using saline-

and E-4031-filled electrodes. On the other hand, shorter bursts, consisting of three or four

spikes, showed a trend toward an increased prevalence in E-4031 recordings; however,

significant differences between treatment groups were limited to three-spike bursts (Students

t68= −2.533, P = 0.01). Interestingly, this trend was reversed among two-spike bursts, which

were less prevalent in recordings made with E-4031-containing than saline-filled electrodes.

Spike doublets or two-spike bursts were included in the burst count but, as noted earlier (see

Materials and Methods), DA neurons were required to exhibit a minimum of three bursts in

500 consecutive events comprised of at least three spikes to be categorized as bursting. In

agreement with previous reports, spike doublets were the most prevalent type of bursting

activity in both control and E-4031 recordings, accounting for between 50 and 60% of the

total number of bursting events. As illustrated in Fig. 5D, ~ 25% of the neurons recorded

using saline-filled pipettes fired > 80% of their bursts as spike doublets. However, the

incidence of these high doublet-firing cells was reduced by an order of magnitude in

recordings obtained using E-4031-filled electrodes. These data suggest that the increased

incidence of three-spike bursts following ERG block occurred at the expense of two-spike

bursting. Given that this change in burst properties is subtle, the major role of somatic ERG

channels in vivo is to control the incidence of bursting activity and mean frequency of

activity (Fig. 5A and B).

Discussion

As intrinsic pacemakers, DA neurons retain the ability to fire spontaneously in the absence

of synaptic input (Fujimura & Matsuda, 1989; Harris et al., 1989; Yung et al., 1991). When

applied locally to DA neurons in brain slices, a preparation in which the majority of synaptic

connections have been disrupted, E-4031 and rBeKm-1 significantly increased the rate of

spontaneous firing. Both compounds are potent and selective ERG channel blockers;

however, the molecular mechanisms underlying their effects on IERG are qualitatively

different. E-4031 is a sulfonanilide antiarrhythmic drug with nanomolar affinity (IC50 ~250

nM) for the pore helix and acts from the cytoplasmic side of the membrane to preferentially

block the channel in its open state (Kamiya et al., 2006; Vilums et al., 2011). The range of

concentrations of E-4031 used in these experiments bracket those used in recent studies of

IERG in other brain slice preparations (Pessia et al., 2008; Hardman & Forsythe, 2009).
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rBeKm-1 is 36-amino-acid peptide isolated from scorpion venom with low nanomolar

affinity (IC50 ~3.3 nM) for the channel (Korolkova et al., 2001). The toxin acts from the

extracellular side of the membrane and blocks the channel in its closed (resting) state. To the

best of our knowledge, rBeKm-1 has not been used previously in a brain slice preparation.

The concentration-dependent nature of the effect of E-4031 and the increased potency, but

similar efficacy, of rBeKm-1 on DA cell activity are consistent with their pharmacodynamic

properties at ERG K+ channels, suggesting that actions of both drugs result from blockade of

IERG as opposed to an unspecified action at another site. The ability of both blockers to

increase spontaneous firing in vitro indicates that IERG is partially active during pacemaker

firing and contributes to the resting discharge frequency. ERG currents in other neurons

including the medial nucleus of the trapezoid body (Hardman & Forsythe, 2009) and medial

vestibular nucleus (Pessia et al., 2008) are active at membrane potentials around firing

threshold, and have been shown to contribute to the rate of spontaneous firing. Neither

E-4031 nor rBeKm-1 altered input resistance; however, these measurements were made at

membrane potentials well below firing threshold. Given that neither blocker altered the post-

spike afterhyperpolarization, it seems likely that IERG slows pacemaker firing in DA neurons

by partially opposing the inward currents leading to spike generation, a mechanism proposed

to explain the excitatory effects of ERG blockers on other neurons (Pessia et al., 2008).

Consistent with this interpretation, we also found that rBeKm-1 reduced the latency to the

first spike evoked by rectangular current pulses, indicating that the depolarization preceding

spike generation is sufficient to partially activate IERG in DA neurons.

Notably, ERG blockade did not result in a corresponding reduction in spike frequency

adaptation akin to that observed in other preparations (Chiesa et al., 1997; Schonherr et al.,

1999; Sacco et al., 2003; Pessia et al., 2008). In the present experiments, small current steps

(< 0.2 nA) were used to maintain continuous spiking and to avoid depolarization block. As a

result, the interspike interval was probably long enough to allow IERG to deactivate

sufficiently to prevent the progressive increase in ERG current that mediates spike

frequency adaptation in other neurons. Support for this interpretation was provided by

modeling studies and experiments in which a dynamic-clamp technique was used to

determine the effects of ERG block on NMDA receptor-induced bursting. As previously

reported, introduction of a 20-nS NMDA conductance into the soma of midbrain DA

neurons elicited a ‘burst’ of action potentials (Putzier et al., 2009a) with an average

intraburst frequency > 10Hz. Spikes diminished in amplitude as the neuron was driven into a

temporary state of depolarization block. In the presence of E-4031, the number of spikes per

burst and the overall burst duration were significantly reduced; both effects are directly

attributable to a more rapid induction of depolarization block. Nearly identical results were

obtained from simulations of ERG block using a computational model of DA cell activity. In

the model, depolarization block occurs during a virtual pulse of NMDA conductance

because the additional depolarization prevents adequate removal of sodium channel

inactivation. In a previously published study, we presumed that the fast component of

sodium channel inactivation was responsible for entry into depolarization block (Kuznetsova

et al., 2010). However, in our model, a slower component of recovery from inactivation

played a larger role in the induction of depolarization block and the progressive reduction in

spike amplitude that precedes it (Seutin & Engel, 2010; Ding et al., 2011b). Thus, the ERG
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conductance in DA neurons appears to provide an additional hyperpolarizing current during

the interspike interval; this contributes to recovery from inactivation of the Na+ current and

delays the eventual entry into depolarization inactivation.

Additional evidence of a role for IERG in opposing depolarization block in DA neurons was

obtained in experiments designed to assess the effects of E-4031 on intrinsic plateau

oscillations. Under the recording conditions used in the present study, a reduction in SK

current resulted in the appearance of a regenerative plateau oscillation capable of driving the

cell into a transient state of depolarization block. In the absence of ERG channel blockers,

the plateau phase of the oscillation was characterized by a slow hyperpolarizing drift that

transitioned to rapid membrane repolarization. These observations are consistent with results

from an earlier modeling study in which slow accumulation of IERG during the plateau

potential was sufficient to trigger repolarization through voltage-dependent regenerative

deactivation of an L-type calcium current (Canavier et al., 2007). Results showing that

partial block of IERG by haloperidol prolongs the plateau are also consistent with the model

which predicted that complete blockade of the conductance would result in persistent

depolarization block. Consistent with these predictions, the majority of DA neurons

exhibiting regenerative plateau oscillations showed sustained membrane depolarization and

a concomitant loss of spontaneous activity in response to E-4031. The ability of brief

hyperpolarizing current pulses to temporarily restore spiking indicates that the cessation of

firing was due to depolarization block. Despite a near doubling in the duration of the plateau

nearly 50% of the cells tested continued to oscillate in the presence of E-4031, indicating

that other mechanisms are available to prevent sustained depolarization block. A variety of

K+ channels could subserve this function including another member of the ether-a-go-go

family (EAG, Kv 10.1) refractory to the effects of E-4031 (Herzberg et al., 1998; Ferreira et

al., 2012).

In the final group of experiments, local application of E-4031 was used to determine the

effects of IERG blockade on spontaneous bursting activity in vivo. Although bursting in

behaving animals is typically associated with an unexpected change in the sensorium, the

majority of spontaneously firing DA neurons in anesthetized rats exhibit stochastic bursting

activity (Grace & Bunney, 1984a). These bursts consist of two or more spikes superimposed

on a depolarizing wave that extends beyond the last spike. The proportion of DA neurons

exhibiting stochastic bursting (~60%) as well as the distribution of burst sizes in recordings

obtained with saline-filled electrodes were similar to previous studies in chloral hydrate-

anesthetized rats (Grace & Bunney, 1984a). By contrast, recordings obtained using pipettes

containing E-4031 were characterized by a higher prevalence of bursting activity and an

elevated mean firing rate. Bursting recorded using E-4031-filled electrodes was also

comprised of fewer two-spike events and more three-spike bursts than comparable activity

recorded with saline-filled electrodes. Given the ability of E-4031 to prolong the duration of

intrinsic plateau depolarizations in vitro, it is conceivable that the modest increase in burst

length observed in vivo derives from a prolongation of the depolarizing envelope associated

with stochastic bursting and depolarization block in vivo (Grace & Bunney, 1984a; 1986).

The ability of DA neurons in vivo to fire spontaneously in the presence of locally applied

E-4031 indicates that a reduction in somatic IERG does not result in an obligatory loss of
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spontaneous activity. Although the incidence of spontaneously firing DA neurons did not

appear to be reduced in recordings with E-4031-filled electrodes, the experimental design

does not allow us to exclude the possibility that ERG blockade was effective in silencing

some DA neurons in vivo. The extent of the diffusion of E-4031 from the recording pipette

is also unknown and may have been insufficient to induce a complete ERG block throughout

the dendritic tree. Nevertheless, the in vitro results show that ERG channels robustly oppose

depolarization block, by both delaying its onset and shortening its duration. It is interesting

to note in this regard that the majority of antipsychotic drugs capable of inducing

depolarization block in DA neurons are potent ERG channel blockers (Kongsamut et al.,

2002; Titier et al., 2004; Titier et al., 2005; Shepard et al., 2007; Valenti et al., 2011).

Although the mechanisms contributing to these effects have yet to be determined, it is

tempting to speculate that the ERG-blocking capabilities of these drugs may be involved.

The utility of ERG channels as potential therapeutic targets recently received further support

from studies showing that genetic variation in the expression of a unique human ERG

channel isoform modulates the response of patients with schizophrenia to antipsychotic

drugs (Huffaker et al., 2009; Apud et al., 2011).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Blockade of ERG K+ channels increased the firing rate of DA-containing neurons in brain

slices. (A–D) Representative tracings from a spontaneously active DA neuron treated with

increasing concentrations of E-4031 (1–10 µM). All records are from the same cell. (E)

Summary of the effects of cumulative administration of E-4031 on DA cell firing rate. Each

point represents the mean ± SEM of n=8 neurons. *P < 0.001 vs. control (Bonferroni t test).

(F) Bath application of rBeKm-1 (50 nM) significantly increased the activity of DA neurons

(***P < 0.001, paired t-test, n=8). (G and H) Effects of (G) E-4031 and (H) rBeKm-1 on the

Ji et al. Page 16

Eur J Neurosci. Author manuscript; available in PMC 2014 June 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



interspike interval coefficient of variation. The horizontal line within the box plots indicates

the median value while the upper and lower limits of the box denote the 75th and 25th

quartiles, respectively. ***P < 0.05, Wilcoxon signed-rank test.
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Figure 2.
Effects of ERG K+ channel block on DA cell excitability in vitro. (A) Effects of rBeKm-1

on the number of spikes elicited by 1-sec depolarizing current pulses of increasing intensity

(0.05–0.2nA). (B) Effects of rBeKm-1 on the slow adaptation in firing frequency observed

during depolarizing current steps. Vertical axis, instantaneous firing rate expressed as a

percentage of the cell’s maximal response (typically the first spike pair in the presence of

rBeKm-1). Horizontal axis, position of the spike pair in the train. (C) Representative

example of the effects of rBeKm-1 50 nM, gray traces, on latency to the first spike elicited
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by a 1-s current pulse of increasing amplitude (0.05, 0.10 and 0.15 nA). All recordings were

obtained from the same cell. Onset of the current pulse is illustrated in the lower trace

(current monitor). Horizontal arrows, −60 mV
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Figure 3.
ERG K+ channel block prolonged plateau potentials induced by the SK-channel negative

modulator, NS8593. (A) Representative tracing from a DA neuron in the presence of

NS8593 (6 µM). Note the ‘burst’ of action potentials elicited during the initial phase of a

depolarizing plateau potential. (B) Addition of E-4031 (10 µM) prolongs the duration of the

plateau. (C) Box (25th and 75th percentiles) and whisker (10th and 90th percentiles) plot

illustrating the effects of E-4031 (10 µM) on the duration of spontaneous plateau potentials

elicited by negative modulation of SK channels. Solid and dashed lines inside the box
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represent the median and mean, respectively. ***P < 0.003 vs. NS8593. (D) Superfusion

with E-4031 (10 µM) resulted in the loss of spontaneous activity through depolarization

block following removal of a negative bias current. Brief hyperpolarizing current pulses

(0.03 nA, 200 ms; vertical arrows) were capable of repolarizing the neuron which led to

recovery of spontaneous spiking followed by the rapid return of depolarization block.
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Figure 4.
E-4031 promoted depolarization block by virtual NMDA stimulation. (A and B)

Representative whole-cell dynamic-clamp recordings of DA neurons stimulated with 20 nS

of virtual NMDA current for 5 s to induce depolarization block before and after,

respectively, superfusion with 10 µM E-4031. The horizontal line above the traces indicates

virtual NMDA conductance application. (C and D) Simulated voltage traces for (C) control

and (D) after simulated block of the ERG current (i.e. gERG=0). Summary of the effects of
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10 µM E-4031 on (E and G) the duration and (F and H) the spike count from dynamic-clamp

simulations of NMDA-induced bursting activity. *P<0.05.
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Figure 5.
Local application of E-4031 increased firing rate and burst firing in vivo. (A) The proportion

of DA neurons encountered with a bursting and non-bursting discharge. In each experiment,

control recordings were obtained using saline-filled pipettes prior to switching to electrodes

containing saline + E-4031 (6 mM). Note the increased incidence of bursting cells recorded

with electrodes containing the ERG blocker. (B) E-4031 increased spontaneous firing rate

(grey bars) without changing the total number of bursts (black bars). The increase in firing

rate induced by E-4031 could be attributed to the increased incidence of bursting activity.

No significant differences were observed between the initial effects of the drug (1–5

minutes) and those observed after a longer duration exposure to E-4031. (C) E-4031 altered

the composition of the burst, reducing the frequency of short bursts (two-spike or doublets)

while increasing the incidence of three-spike bursts. (D) The frequency of two-spike bursts

in control and E-4031-treated burst-firing cells. Note that the incidence of cells exhibiting >

80% of their bursts as doublets was diminished in E-4031-treated neurons.
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