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Nigra Dopaminergic Neurons

Tilia Kimm,1 Zayd M. Khaliq,2 and Bruce P. Bean1

1Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115, and 2Cellular Neurophysiology Unit, National Institute of
Neurological Disorders and Stroke, National Institutes of Health, Bethesda, Maryland 20892

Little is known about the voltage-dependent potassium currents underlying spike repolarization in midbrain dopaminergic neurons.
Studying mouse substantia nigra pars compacta dopaminergic neurons both in brain slice and after acute dissociation, we found that BK
calcium-activated potassium channels and Kv2 channels both make major contributions to the depolarization-activated potassium
current. Inhibiting Kv2 or BK channels had very different effects on spike shape and evoked firing. Inhibiting Kv2 channels increased
spike width and decreased the afterhyperpolarization, as expected for loss of an action potential-activated potassium conductance. BK
inhibition also increased spike width but paradoxically increased the afterhyperpolarization. Kv2 channel inhibition steeply increased
the slope of the frequency– current ( f–I) relationship, whereas BK channel inhibition had little effect on the f–I slope or decreased it,
sometimes resulting in slowed firing. Action potential clamp experiments showed that both BK and Kv2 current flow during spike
repolarization but with very different kinetics, with Kv2 current activating later and deactivating more slowly. Further experiments
revealed that inhibiting either BK or Kv2 alone leads to recruitment of additional current through the other channel type during the action
potential as a consequence of changes in spike shape. Enhancement of slowly deactivating Kv2 current can account for the increased
afterhyperpolarization produced by BK inhibition and likely underlies the very different effects on the f–I relationship. The cross-
regulation of BK and Kv2 activation illustrates that the functional role of a channel cannot be defined in isolation but depends critically
on the context of the other conductances in the cell.
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Introduction
Electrical activity in the nervous system is finely tuned by the
diverse populations of ion channels expressed by different types

of neurons (Llinás, 1988; Hille, 2001). In general, the relationship
between the ion channels found in a cell and the cell’s electrical
input– output properties is complex and impossible to predict a
priori. In some circumstances, very different sets of ion channel
populations can produce similar outputs; in others, small mod-
ulations in even one conductance can lead to dramatic changes in
overall excitability (Goldman et al., 2001; Swensen and Bean,
2005; Amendola et al., 2012). In mammalian central neurons,
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Significance Statement

This work shows that BK calcium-activated potassium channels and Kv2 voltage-activated potassium channels both regulate
action potentials in dopamine neurons of the substantia nigra pars compacta. Although both channel types participate in action
potential repolarization about equally, they have contrasting and partially opposite effects in regulating neuronal firing at fre-
quencies typical of bursting. Our analysis shows that this results from their different kinetic properties, with fast-activating BK
channels serving to short-circuit activation of Kv2 channels, which tend to slow firing by producing a deep afterhyperpolarization.
The cross-regulation of BK and Kv2 activation illustrates that the functional role of a channel cannot be defined in isolation but
depends critically on the context of the other conductances in the cell.
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there is a particularly large number and diversity of voltage-
activated and calcium-activated potassium channels (Vacher et
al., 2008), which help confer different firing properties on differ-
ent types of neurons (Johnston et al., 2010).

Dopaminergic neurons of the substantia nigra pars compacta
(SNc) exhibit two different modes of activity: slow spontaneous
pacemaking and higher-frequency burst firing evoked by gluta-
matergic input (Grace and Bunney, 1984a,b). Substantial work
has explored the calcium and sodium currents driving pacemak-
ing (Chan et al., 2007; Puopolo et al., 2007; Guzman et al., 2009;
Putzier et al., 2009; Ding et al., 2011; Tucker et al., 2012) and has
elucidated mechanisms by which pacemaking can be controlled
by Kv4-mediated A-type current and SK calcium-activated po-
tassium current flowing between spikes (Liss et al., 2001; Wolfart
et al., 2001; Hahn et el., 2003; Khaliq and Bean, 2008; Herrik et al.,
2010; Deignan et al., 2012). In contrast, very little is known about
the voltage-dependent potassium currents that underlie spike
repolarization.

Control of burst firing is especially complex and is known to
involve many different channel types (for review, see Paladini and
Roeper, 2014). A number of channels have been shown to regu-
late the transition between tonic firing and bursting, including
NMDA receptors (Deister et al., 2009; Paladini and Roeper,
2014), SK calcium-activated channels (Shepard and Bunney,
1991; Wolfart and Roeper, 2002; Waroux et al., 2005), Kv7-
mediated M-current (Drion et al., 2010), and K-ATP channels
(Schiemann et al., 2012). However, all of these potassium cur-
rents are slowly gating, and none are likely to be the dominant
potassium currents controlling rapid repolarization of spikes
within bursts. In addition to helping control frequency of firing
within bursts, such potassium currents are likely to help control
entry into the state of depolarization block, to which dopamine
neurons appear particularly susceptible (Grace and Bunney,
1986; Grace et al., 1997; Blythe et al., 2009; Tucker et al., 2012;
Qian et al., 2014).

We investigated depolarization-activated potassium currents
in SNc dopamine neurons. Using selective blockers, we found
that BK channels and Kv2 channels each carry a large fraction of
the potassium current underlying spike repolarization, but with
very different kinetics. Inhibiting BK channels produced dra-
matic spike broadening accompanied by a paradoxically more
negative afterhyperpolarization. We found that this could be ex-
plained by enhancement of Kv2 current during spikes broadened
by BK inhibition. There is a reciprocal recruitment of BK current
following Kv2 inhibition. These effects likely contribute to very
different effects on burst-frequency firing, with Kv2 inhibition
but not BK inhibition producing a steeper dependence on stim-
ulating current.

Materials and Methods
Slice preparation and identification of cells. Coronal brain slices contain-
ing the substantia nigra pars compacta were prepared from postnatal day
(P)14 –P21 Swiss Webster mice of either sex. Animals were anesthetized
with isoflurane and decapitated. Their brains were quickly removed and
placed into an ice-cold sucrose slicing solution containing the following
(in mM): 250 glycerol, 2.5 KCl, 2 MgCl2, 2 CaCl2, 1.2 NaH2PO4, 10
HEPES, 21 NaHCO3, and 5 glucose, bubbled with 95/5% O2/CO2. Slices
were cut (300 �M thick) and incubated for 30 min at 34°C in artificial CSF
(ASCF) consisting of the following (in mM): 125 NaCl, 25 NaHCO3, 1.25
NaH2PO4, 3.5 KCl, 1 MgCl2, 2 CaCl2, and 10 glucose, bubbled with
95/5% O2/CO2. Slices were stored at room temperature until use.

Slice electrophysiological recording. Slices were placed into a heated re-
cording chamber (34 � 1°C) and continuously perfused with ACSF at a
rate of 3 ml/min until the recording began. Neurons in the SNc were

visualized using a CCD camera (Hamamatsu) on an Olympus micro-
scope (BX51). Dopamine neurons were identified based on location in
the SNc, large size, slow pacemaker firing, broad action potentials, and a
large depolarizing sag in response to hyperpolarizing current injection.
In voltage-clamp experiments, cells were identified based on cell size, a
large Ih evoked by hyperpolarizing pulses, and a large amplitude A-type
potassium current, known to be prominent in these cells (Liss et al., 2001;
Hahn et al., 2003). Whole-cell current-clamp or voltage-clamp record-
ings were made with a Multiclamp 700B amplifier (Molecular Devices)
using borosilicate patch electrodes (1– 4 M�) wrapped with Parafilm to
reduce pipette capacitance. Pipette series resistance (typically 4 – 8 M�)
was compensated by 70 – 85% during voltage-clamp experiments and
was checked frequently throughout the experiment; data were not used if
series resistance changed by �20%. Current and voltage signals were
filtered at 10 kHz and sampled at 20 �s using a Digidata 1440A data-
acquisition interface (Molecular Devices) and pClamp 10 software (Mo-
lecular Devices).

Slice recording solutions. The internal solution consisted of 122 mM K
methanesulfonate, 9 mM NaCl, 1.8 mM MgCl2, 4 mM Mg-ATP, 0.3 mM

Na-GTP, 14 mM phosphocreatine, 0.45 EGTA, 0.1 CaCl2, and 10 HEPES,
pH adjusted to pH 7.35 with �18 mM KOH. Reported voltages are cor-
rected for a liquid junction potential of �8 mV between the internal
solution and the external solution in which pipette zero voltage was
defined in the beginning of the experiment, measured using a flowing 3 M

KCl electrode as described by Neher (1992).
The external solution was standard ACSF for current-clamp experi-

ments and ACSF with 500 nM tetrodotoxin (TTX) for voltage-clamp
experiments. For some experiments testing the effect of iberiotoxin and
guangxitoxin, 1 mg/ml bovine serum albumin (BSA) was added to both
control and test solutions to prevent binding of toxins to the tubing of the
perfusion system. When BSA was added to background solutions, we
used an unbubbled ACSF solution in which 5 mM HEPES was added for
additional buffering (pH of “modified” ACSF adjusted to 7.4). All com-
pounds were purchased from Sigma-Aldrich except for guangxitoxin-1E
(GxTX-1E), which was purchased from Tocris Bioscience.

Slice experiments were done at 34 � 1°C.

Preparation of acutely dissociated dopamine cells
Dissociated dopamine neurons were prepared from 13- to 19-d-old male
and female mice. After isoflurane anesthesia, mice were decapitated, and
the brain was quickly removed into ice-cold solution containing the
following (in mM): 110 NaCl, 2.5 KCl, 10 HEPES, 25 glucose, 75 sucrose,
7.5 MgCl2, pH adjusted to 7.4 with NaOH, and bubbled with 95/5%
O2/CO2. In the same solution, 200 �m coronal slices were cut using a
vibratome (DSK model DTK-1000; Dosaka). The substantia nigra was
dissected out of each slice and rinsed in dissociation solution containing
the following (in mM): 82 Na2SO4, 30 K2SO4, 5 MgCl2, 10 glucose, 10
HEPES, pH adjusted to 7.4 with NaOH.

Following dissection, the pieces of the SNc were incubated for 7– 8 min
at 34°C in 3 mg/ml protease XXIII (Sigma Life Science) dissolved in
dissociation solution. After enzymatic treatment, the tissue pieces were
rinsed in ice-cold dissociation solution containing 1 mg/ml trypsin in-
hibitor and 1 mg/ml BSA, where they were stored until immediately
before recording. Cells were used within 8 h of dissection. Just before
recording, chunks of tissue were gently triturated in dissociation solution
using a fire-polished Pasteur pipette to free individual cells. The resulting
suspension was dispersed into the recording chamber. The cells were
allowed to settle for 10 –15 min, and the recording chamber was then
flooded with Tyrode’s solution.

Recordings were made both from mice expressing eGFP under control
of the tyrosine hydroxylase promoter (Sawamoto et al., 2001; kindly
provided by Dr Kazuto Kobayashi of Fukushima Medical University,
Fukushima City, Japan), and from wild-type littermates or from wild-
type Swiss Webster mice. In wild-type mice, dopaminergic neurons
could be identified by their large size, large A-type potassium current (IA)
currents, and pacemaking at low frequencies. No difference was evident
between mice with labeled or unlabeled neurons in properties of
iberitoxin- or paxilline-sensitive current or guangxitoxin-1E-sensitive
current or in the effects of the toxins on firing.
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Electrophysiologic recordings with
dissociated neurons
Internal solution contained the following (in
mM): 122 K-methanesulfonate, 9 NaCl, 9
HEPES, 0.18 EGTA, 0.036 CaCl2, 0.27 MgCl2, 4
MgATP, 14 creatine phosphate (Tris salt), and
0.3 GTP (Tris salt), pH 7.4.

Standard external solution was Tyrode’s so-
lution containing the following (in mM): 151
NaCl, 10 HEPES, 13 glucose, 1.5 CaCl2, 1
MgCl2, 3.5 KCl, pH adjusted to 7.4 with
NaOH. Experiments to define kinetics of
BK and Kv2 currents used paxilline or
guangxitoxin-1E on a background of 1 �M

TTX. In some experiments, we followed appli-
cation of paxilline and guangxitoxin-1E with a
solution designed to block all potassium cur-
rents. This solution contained the following (in
mM): 155 TEA, 10 HEPES, 13 glucose, 1.5
CaCl2, 1 MgCl2, 10 4-aminopyridine, with 1
�M AmmTx3 (Vacher et al., 2002), and 1 �M

TTX.
Recording pipettes were pulled from boro-

silicate glass (VWR International) using a Sut-
ter Instruments P-97 horizontal puller, and
wrapped with Parafilm to reduce pipette ca-
pacitance. When filled with internal solution,
typical pipette resistances ranged from 1 to 3
M�. Data have been corrected for a �8 mV
liquid junction potential between the pipette
solution and the Tyrode’s solution in which
current zero was defined.

After a gigaohm seal and whole-cell config-
uration were established, the cell was lifted off
the bottom of the recording chamber and
placed in front of an array of quartz fiber flow
pipes (250 �m internal diameter, 350 �m ex-
ternal diameter) glued onto an aluminum rod
whose temperature was controlled by resistive
heating elements and a feedback-controlled
temperature controller (TC-344B, Warner In-
struments). With the aluminum rod main-
tained at 38°C, solution exiting from the flow
pipes at the location of the cell was measured at
37°C. Solutions were changed (in �1 s) by moving the cell from one pipe
to another. To isolate BK currents, we subtracted currents immediately
before and after applying 150 nM iberiotoxin or 300 nM paxilline (Zhou
and Lingle, 2014). To isolate Kv2 currents, we subtracted currents imme-
diately before and after applying 100 nM guangxitoxin-1E (Herrington et
al., 2006; Herrington, 2007; Liu and Bean, 2014).

Whole-cell recordings were performed using an Molecular Devices
Multiclamp 700B amplifier, a Digidata 1322A A/D converter (Molecular
Devices), and pCLAMP9.2 software (Molecular Devices). For voltage-
clamp experiments, series resistance was compensated 70 –90% using the
amplifier circuitry. Signals were filtered at 10 kHz and sampled at 10 or 20
�s (and in some cases, additionally digitally filtered during analysis with
a low-pass filter corresponding to a 4-pole Bessel filter with a corner
frequency of 2 kHz).

Analysis. Data analysis was done using IgorPro v6.126 (Wavemetrics),
using DataAccess (Bruxton) to read pClamp files into Igor. In voltage-
clamp experiments, capacitative transients were reduced by the elec-
tronic capacitance compensation in the amplifier circuit and any
remaining capacity transients were corrected during analysis using
small (5–10 mV) steps in a hyperpolarized range (negative to �70
mV) to define linear capacitance and leak currents and then subtract-
ing appropriately scaled currents. In some cases, correction for capac-
ity transients was imperfect as a result of amplifier saturation for large
voltage steps, and 100 –200 �s of the current record is blanked in the
displayed records.

Action potential clamp. In action potential clamp experiments, we used
typical action potential waveforms previously recorded during sponta-
neous firing in each preparation and temperature (brain slice at 34°C or
dissociated cells at 37°C). We isolated ionic currents evoked by the action
potential from capacitative currents (expected to be equal and opposite;
cf. Taddese and Bean, 2002) by eliminating capacitative currents, first by
using electronic capacitance nulling in the amplifier circuit during re-
cording and then by removing any remaining capacitative current during
analysis, applying a point-by-point capacity correction using a scaled
capacity transient, determined by a 5 mV hyperpolarizing pulse.

Analysis of evoked firing. Frequency– current (f–I ) relationships for
evoked firing were determined by injecting 200 ms or 1 s current steps
with amplitudes increasing by 20 pA, typically up to a maximum of
300 –320 pA (or less if cells entered depolarization block for smaller
currents). The initial frequency of firing was calculated from the first
three spikes. The slope of the f–I relationship was calculated from a linear
fit for the data from zero to 160 pA (or to the maximum current injected
if less), for which the f–I relationship was approximately linear.

Choice of blockers and concentrations
We used both iberiotoxin and paxilline to inhibit BK channels. Paxilline
inhibits BK channels with a half-blocking concentration of �10 nM

(Knaus et al., 1994) regardless of the presence or identity of � subunits
(Hu et al., 2001; Wang et al., 2014), whereas BK channels containing �4
subunits are essentially insensitive to iberiotoxin (Meera et al., 2000;
Wang et al., 2014). Because we wanted to quantify all BK current present,

Figure 1. BK and Kv2 currents in a dopamine neuron recorded in brain slice. A, Outward currents in a dopamine neuron evoked
by depolarization from �63 to �2 mV in control (black) and after application of 150 nM iberiotoxin (red) and 100 nM

guangxitoxin-1E (GxTX-1E) together with 150 nM iberiotoxin (blue). All solutions contained 500 nM TTX. B, Effect of iberiotoxin and
GxTX-1E on currents evoked by an action potential waveform (previously recorded in a dopamine neuron using the same internal
solution and control external solution except without TTX). The action potential waveform was presented in the same sweeps as
the step waveform in A, and the same sweeps are shown in each condition, signal-averaged from five sweeps in each case.
Capacitative currents were reduced by the electronic capacitance compensation in the amplifier circuit and remaining capacity
current was corrected during analysis using a step from �63 to �68 mV to define the capacity current. Dashed lines correspond
to zero current. 34°C.
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we used 300 nM paxilline in most experiments with dissociated cells.
However, in experiments in brain slice, we found that paxilline inhibition
was slow to develop, probably reflecting loss of the relatively hydropho-
bic molecule into the large volume of tissue. Iberiotoxin inhibition
reached steady-state more quickly, likely because of lack of partition into
cells. Therefore, most slice experiments were done with 150 nM iberio-
toxin. We also tested 150 nM iberiotoxin on a smaller number of disso-
ciated neurons and saw similar amount of inhibition (49 � 9%, n � 7) as
produced by paxilline (53 � 3%, n � 23) for action potential-evoked
outward current, which was also similar to the reduction we saw with
iberiotoxin in slice experiments (59 � 9%, n � 7). Therefore, it seems
likely that most or all of the BK current in dopaminergic neurons is
iberiotoxin-sensitive “type I” current from channels lacking the �4 sub-
unit (cf. Wang et al., 2014). The fast activation kinetics (see Fig. 6 D, E) are
also consistent with type-I BK current (Jaffe et al., 2011; Wang et al.,
2014).

Previous experiments have shown that paxilline inhibits BK channels
with a high degree of selectivity (Knaus et al., 1994). Iberiotoxin also is
highly selective for BK channels (Galvez et al., 1990). Although it is
difficult to be completely sure that selectivity established using heterolo-
gously expressed channels carries over to native neuronal channels, it was
very clear in our experiments that neither iberiotoxin nor paxilline in-
hibited Kv2 current significantly, because neither had any significant
blocking effect on the slow tail current at �48 or �68 mV, which was
blocked effectively by GxTX-1E (Figs. 1A, Fig. 6A). GxTX-1E was previ-
ously found to have no blocking effect on BK channels (Herrington et al.,

2006). However, GxTX-1E does produce weak
inhibition of IA, so we used a concentration of 100
nM which in previous experiments was found to
produce nearly maximal inhibition of neuronal
Kv2 channels while inhibiting IA only slightly
(Liu and Bean, 2014).

Data are presented as mean � SEM. Signifi-
cance of changes in parameters was assessed by
the nonparametric Mann–Whitney test for un-
paired data and the Wilcoxon signed rank test
for paired data. For N � 10, two-tailed p values
were calculated; for N 	 10, nondirectional
significance limits are stated based on the
small-sample critical values table.

Results
BK and Kv2 channels carry large
depolarization-activated currents in
dopaminergic SNc neurons
Single-channel currents through large
conductance calcium-activated potas-
sium (BK) channels have been described
in SNc dopaminergic cells (Su et al., 2010;
Ramírez-Latorre, 2012), but the size and
kinetics of macroscopic BK current in do-
paminergic neurons are unknown. To de-
termine the possible contribution of
BK channels to overall depolarization-
activated potassium currents in dopami-
nergic SNc neurons, we performed
voltage-clamp experiments, first in brain
slice and then in dissociated neurons. We
found that BK channels carry a substantial
fraction of total depolarization-activated
potassium current in both preparations.
Figure 1 shows a recording from a dopa-
minergic neuron in a brain slice. Applica-
tion of the selective BK inhibitor
iberiotoxin (150 nM) inhibited approxi-
mately one-third of the current activated
by a step from �63 to �2 mV. This result

was typical. In collected results, 150 nM iberiotoxin inhibited
current evoked by a step from �63 to �2 mV by 38 � 6%
(n � 7).

Another likely candidate for contributing to overall voltage-
activated potassium current is Kv2-mediated current. Kv2 channels
are widely expressed in the somatodendritic regions of most central
neurons (Trimmer, 1991) and have been recently shown to be pres-
ent in midbrain dopamine neurons by immunocytochemistry (Du-
four et al., 2014). We therefore tested whether the voltage-activated
outward current remaining after BK inhibition included Kv2 cur-
rent, using 100 nM GxTX-1E, a spider venom peptide that is a fairly
potent and selective Kv2 inhibitor (Herrington et al., 2006; Her-
rington, 2007). In a previous study on native potassium channels in
mammalian neurons, 100 nM GxTX-1E was found to inhibit Kv2
channels nearly completely with little effect on other types of potas-
sium channels (Liu and Bean, 2014).

A fairly large fraction of the depolarization-evoked outward cur-
rent in SNc cells in slices was sensitive to GxTX-1E. In the experi-
ment in Figure 1A, application of 100 nM GxTX (in the continued
presence of iberiotoxin) inhibited another large fraction of current,
comprising �48% of the initial current evoked by the step to �2
mV. In collected results, 100 nM GxTX-1E inhibited 36 � 6% of the
initial control current (n � 7).

Figure 2. Effect of Kv2 inhibition on spontaneous firing and action potential shape in brain slice. A, Spontaneous pacemaking
at 34°C in control (left, black) and after application of 100 nM GxTX-1E (right, red). B, Signal-averaged action potentials in control
(black) and 100 nM GxTX-1E (red). Waveforms on the right are shown on an expanded timescale. Action potentials were signal-
averaged over six to eight firing cycles by aligning at the peak. C, Collected results for effect of GxTX-1E on firing rate in six neurons.
Data from individual cells are in gray; black and red symbols are mean values � SEM for control and GxTX-1E, respectively. D,
Collected results for effect of GxTX-1E on action potential width (measured at the threshold voltage, as illustrated in B) in six
neurons. E, Collected results for effect of GxTX-1E on the most negative voltage reached after the action potential (AHP) in six
neurons. Asterisks indicate significance at 0.05.
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The components of current inhibited
by iberiotoxin and GxTX-1E had different
kinetics and voltage dependence, as was
most evident by the currents during a step
to �48 mV following the 50 ms step to �2
mV. Iberiotoxin had no effect on the size-
able tail current at �48 mV, suggesting
that BK channels deactivate rapidly and
completely at �48 mV. However,
GxTX-1E strongly inhibited the slowly
decaying current at �48 mV and also
completely inhibited a remaining tail cur-
rent at �63 mV, suggesting that this
slowly deactivating component of current
is carried largely by Kv2 channels. In col-
lected results, the current at �48 mV
was nearly untouched by iberiotoxin
(reduction of 5 � 4%, n � 7) and was
inhibited 69 � 4% by 100 nM GxTX-1E
(n � 7). The slow deactivation of Kv2
current fits well with previous results
obtained with both cloned and native
Kv2 channels (McCrossan et al., 2003;
Misonou et al., 2005; Liu and Bean,
2014).

To explore whether BK or Kv2 channels
activate rapidly enough to be activated dur-
ing action potentials, we examined activa-
tion of potassium current during action
potential waveforms applied as the voltage
command. The action potential waveform
used as voltage command was previously re-
corded during spontaneous firing in a dif-
ferent dopaminergic neuron in brain slice
studied with the same internal and external
solutions (except for omission of tetrodo-
toxin). The action potential waveform was
applied in the same sweep as the voltage
steps, so we could compare the block of BK
and Kv2 currents during the same applica-
tion of iberiotoxin and GxTX-1E. To isolate ionic current, we elim-
inated most capacitative current using the capacity-correction
circuit in the amplifier and then additionally corrected any remain-
ing capacitative current by applying a point-by-point capacity cor-
rection on the current records, using a 5 mV hyperpolarizing step to
define remaining capacity current. The inward sodium current
evoked during the rising phase of the action potential was blocked by
TTX, leaving a large outward current during the repolarizing phase
of the spike. As shown in Figure 1B, both iberiotoxin and GxTX-1E
inhibited a substantial fraction of this outward current. In collected
results, 150 nM iberiotoxin inhibited peak action potential-evoked
current by 59�9% and 100 nM GxTX-1E inhibited 24�7% (n�7)
of the initial peak current. The currents blocked by iberiotoxin and
GxTX-1E had different kinetics, with GxTX-1E inhibiting a longer-
lasting component of current during the late falling phase and afte-
rhyperpolarization of the action potential. This fits well with the
slowly deactivating component of Kv2 current evident in the tail
currents in Figure 1A.

Because the component of GxTX-1E-sensitive current flowing
late in the spike waveform is not reflected in the reduction of peak
spike-evoked current, we also quantified the effects of BK and
Kv2 channel inhibition on integrated outward current evoked
by the spike. Iberiotoxin inhibited integrated outward current

by 48 � 9% and GxTX-1E inhibited integrated current by
37 � 7% (n � 7).

It is important to note that the total potassium current flowing
during the action potential is larger than the net outward current,
because inward calcium current also flows during the falling phase of
the action potential (Puopolo et al., 2007). Therefore, the fractional
reduction of the net outward current is larger than fractional reduc-
tion of total potassium current. Nevertheless, the results make it clear
that both BK and Kv2 channels are activated during spike waveforms
and that each contributes a sizeable fraction of overall potassium
current during the spike repolarization, with Kv2 channels contrib-
uting a longer-lasting current. The significant contribution of Kv2
channels to action potential repolarization despite their relatively
slow activation kinetics is consistent with previous results in other
neuronal types including sympathetic neurons (Malin and Ner-
bonne, 2002; Liu and Bean, 2014), auditory neurons of the ventral
and medial nuclei of the trapezoid body (Tong et al., 2013), and
hippocampal CA1 pyramidal neurons (Liu and Bean, 2014).

Differential effects of BK and Kv2 inhibition on action
potential shape
We next examined the effects of inhibiting Kv2 and BK current
on action potential and firing patterns in current-clamp ex-

Figure 3. Effect of BK inhibition on spontaneous firing and action potential shape in brain slice. A, Spontaneous pacemaking at
34°C in control (left, black) and after application of 150 nM iberiotoxin (right, red). B, Signal-averaged action potentials in control
(black) and 150 nM iberiotoxin (red). Waveforms on the right are shown on an expanded timescale. Action potentials were
signal-averaged over six to eight firing cycles by aligning at the peak. C, Collected results for effect of iberiotoxin on firing rate in
eight neurons. Data from individual cells are in gray; black and red symbols are mean values � SEM for control and iberiotoxin,
respectively. D, Collected results for effect of iberiotoxin on action potential width (measured at the threshold voltage, as illustrated
in B) in eight neurons. E, Collected results for effect of iberiotoxin on the most negative voltage reached after the action potential
(AHP) in eight neurons. Asterisks indicate significance at 0.01.
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periments. Figure 2 illustrates the effect of Kv2 inhibition by
GxTX-1E on action potentials during spontaneous pacemak-
ing. GxTX-1E decreased the rate of spike repolarization, espe-
cially in the late phase of repolarization, and resulted in a
reduction of the afterhyperpolarization following the spike.
Spike width (measured at spike threshold to capture the effects
on the late phase of repolarization) increased from 2.69 � 0.12
ms in control to 3.05 � 0.20 ms with 100 nM GxTX-1E (n � 6;
significant at 0.05). The afterhyperpolarization (measured at
the trough following the action potential) depolarized by an
average of 6.7 � 1.0 mV, from �73.0 � 1.3 to �66.3 � 1.1 mV
(n � 6; significant at 0.05). These effects on spike shape were
accompanied by an increase in pacemaking frequency, from
2.7 � 0.2 to 3.8 � 0.4 Hz (n � 6; significant at 0.05).

Inhibiting BK channels also resulted in an increase in ac-
tion potential width, from 2.44 � 0.09 ms in control to 3.71 �
0.21 ms in 150 nM iberiotoxin (n � 8; significant at 0.01). Like
inhibition of Kv2 current, BK inhibition produced a modest

increase in pacemaking frequency, from
2.9 � 0.2 Hz in control to 4.4 � 0.4 Hz
after application of 150 nM iberiotoxin
(n � 8; significant at 0.01). Surprisingly,
however, inhibiting BK channels was ac-
companied by a paradoxical increase in
the afterhyperpolarization (Fig. 3)
rather than the reduction intuitively ex-
pected from inhibition of a spike-
evoked potassium conductance.
Iberiotoxin resulted in an increase of the
hyperpolarization by an average of
�2.1 � 0.5 mV, from �71.9 � 0.6 to
�74.0 � 0.7 mV (n � 8; significant at
0.01). As will be discussed, further ex-
periments showed that this effect likely
arises from increased activation of Kv2
current during the action potential.

Differential effects of BK and Kv2
inhibition on evoked firing
Although inhibiting BK channels or Kv2
channels had similar effects to modestly
increase the rate of pacemaking, they
had very different effects on firing
evoked by current injection. Figure 4 il-
lustrates the effect of GxTX-1E on
evoked firing. There were two main ef-
fects of Kv2 inhibition: faster initial fir-
ing, especially for larger current
injections, but also an increased pro-
pensity to enter depolarization block
(Fig. 4A, right). In control conditions,
four of six cells continued to fire
throughout a 1 s stimulation for current
injections up to 300 pA, whereas the
other two entered depolarization block
during injections of 200 and 220 pA. Af-
ter addition of GxTX-1E, five of six cells
entered depolarization block for current
injections of between 140 and 300 pA.
The entry into depolarization block was
preceded by increasingly depolarized
troughs between spikes (Fig. 4 A, B) and
by progressively smaller spikes, presum-

ably reflecting inactivation of sodium channels as a conse-
quence of the more depolarized troughs.

Figure 4C shows the effect of Kv2 channel block on the initial firing
frequency, calculated from the first three spikes. Firing frequency was
increasedforall levelsofcurrent injection,andtheslopeoftherelation-
ship between frequency and injected current ( f–I slope) was
increased. This result was typical. In collected results, the slope
of the f–I curve increased more than twofold, from 0.079 �
0.011 Hz/pA in control to 0.179 � 0.016 Hz/pA after applica-
tion of GxTX-1E (Fig. 4D; n � 6, significant at 0.05).

In striking contrast, BK inhibition did not increase the slope of
the f–I curve (Fig. 5). In fact, in four of eight cells tested, the slope of
the f–I curve decreased slightly after BK inhibition of iberiotoxin,
sometimes accompanied by a decrease in the rate of firing induced
by strong depolarizations (Fig. 5B,C). In collected results, the slope
of the f–I curve was 0.098 � 0.007 Hz/pA in control and 0.091 �
0.005 Hz/pA after addition of 150 nM iberiotoxin (n � 8).

Figure 4. Effect of Kv2 inhibition on evoked firing of dopamine neurons in brain slice. A, Burst-like activity in response to
current injections in control (left) and after application of 100 nM GxTX-1E (right). Dashed lines at �70 mV. B, Superim-
posed voltage traces for injection of 300 pA at the beginning (left) and end (right) of a 1 s period of current injection. Dashed
line at �70 mV. C, Firing frequency of first three spikes as a function of injected current in control (black) and with GxTX-1E
(red) for the cell in A and B. D, Collected data for effect of 100 nM GxTX-1E on slope of frequency– current relationship. Slope
was determined by linear fit from 0 to 160 pA. Gray symbols show data for each of six cells. Black and red symbols are
mean � SEM in control and in 100 nM GxTX-1E, respectively. 34°C. Asterisk indicates significance at 0.05.
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Characterization of BK and Kv2 current
in acutely dissociated neurons
To better understand the different effects
of Kv2 and BK current inhibition of spike
shape and firing patterns, we turned to
experiments in acutely dissociated neu-
rons. This preparation allows faster and
more accurate voltage-clamp and better
definition of channel kinetics, as well as
rapid application of blockers. Very similar
to the results in brain slice experiments,
we found that BK and Kv2 channels each
contribute large components of the over-
all voltage-activated potassium current in
acutely dissociated neurons. Figure 6
shows the effect of cumulative addition of
the BK inhibitor paxilline (300 nM) fol-
lowed by GxTX-1E (100 nM) on currents
evoked by a step from �68 to �22 mV. In
collected results, 300 nM paxilline inhib-
ited outward current at the end of a 50 ms
step from �58 or �68 to �8 mV by 42 �
4% (n � 12) and 100 nM GxTX-1E inhib-
ited by 36 � 3% (relative to initial control
current). The GxTX-1E-sensitive current
had a slowly decaying tail current (Fig. 6A,
inset), with an average time constant of
deactivation of 8.1 � 0.7 ms at �68 mV
(n � 20). In contrast, the paxilline-
sensitive current deactivated too rapidly
to be quantified, with nearly complete de-
activation at �68 mV within �500 �s.

To characterize the voltage depen-
dence of BK and Kv2 currents, we
constructed conductance–voltage relation-
ships for the two components of current.
The component carried by BK channels
was reasonably well-fit by a Boltzmann
function (Fig. 6B), with an average mid-
point of �14.5 � 1.2 mV, a slope factor of
9.2 � 0.5 mV, and an average magnitude
of 26.6 � 4.7 nS (n � 13). The component
carried by Kv2 current activated with a
slightly more depolarized voltage depen-
dence (Fig. 6C), with an average midpoint
of �8.6 � 1.2 mV, a slope factor of 10.4 � 0.2 mV, and had a
larger average magnitude of 36.2 � 5.0 nS (n � 13). The
voltage dependence of Kv2 current in dopaminergic neurons is
generally similar to the voltage dependence of native Kv2 current
previously determined in neocortical pyramidal neurons (mid-
point �3 mV, slope factor 10.5 mV; Guan et al., 2007), globus
pallidus neurons (midpoint �18 mV, slope factor 7 mV;
Baranauskas et al., 1999), and hippocampal CA1 neurons (mid-
point of �11 mV and slope factor of 10 mV; Liu and Bean, 2014).

We took advantage of the fast voltage-clamp possible in the
acutely dissociated neurons to characterize the kinetics of BK and
Kv2 current (Fig. 6D). BK current activated much more rapidly
than Kv2 current at all voltages. In addition, the kinetics of BK
current had relatively little voltage dependence, whereas the ac-
tivation speed of Kv2 current increased with larger depolariza-
tions (but was always slower than BK current). Quantified as the
time to half-maximal current, BK current half-activated in
0.99 � 0.13 ms at �28 mV, in 0.87 � 0.28 ms at �2 mV and in

0.87 � 0.28 ms at �22 mV, whereas Kv2 current half-activated in
5.1 � 1.9 ms at �28 mV, in 3.5 � 0.5 ms at �2 mV and in 2.5 �
0.2 ms at �22 mV. Thus, KV2-mediated current requires slightly
larger depolarizations than BK current to activate and activates
threefold to fivefold more slowly over the voltage range of an
action potential.

Action potential-evoked BK and Kv2 currents in
dissociated neurons
We next examined directly the time course of activation of BK
and Kv2 channels during the action potential with action poten-
tial clamp, using a typical action potential waveform recorded
during pacemaking activity of an acutely dissociated cell firing
spontaneously at 37°C. Figure 7 shows an example in which we
dissected the components of overall potassium current carried by
BK and Kv2 channels, using 300 nM paxilline to define BK current
and 100 nM GxTX-1E to define Kv2 current. On average, paxilline
reduced the peak outward current evoked by action potential

Figure 5. Effect of BK inhibition on evoked firing in brain slice. A, Burst-like activity in response to current injections in control
(left) and after application of 150 nM iberiotoxin (right). B, Superimposed voltage traces for injection of 240 pA at beginning (left)
and end (right) of a 1 s period of current injection. Dashed line at �70 mV. C, Firing frequency of first three spikes as a function of
injected current in control (black) and with iberiotoxin (red) for the cell in A and B. D, Collected data for effect of iberiotoxin on slope
of frequency– current relationship. Slope was determined by linear fit from 0 to 160 pA. Gray symbols show data for each of eight
cells. Black and red symbols are mean � SEM in control and in 150 nM iberiotoxin, respectively. 34°C.
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waveforms by 53 � 3% (n � 23), and inhibiting Kv2 channels
reduced the peak outward current evoked by action potential
waveforms by 45 � 5% (n � 19). As noted previously, the total
potassium current flowing during the action potential repolariza-
tion is larger than the net outward current, because inward cal-
cium current also flows during the action potential repolarization
(Puopolo et al., 2007). In the experiment of Figure 7A, we fol-
lowed the application of paxilline and GxTX-1E by applying a
solution designed to inhibit all potassium currents, in which
sodium was replaced by 155 mM TEA, together with 10 mM

4-aminopyridine and the Kv4-channel blocker AmmTx3
(Vacher et al., 2002; Amendola et al., 2012). This solution
blocked additional outward current compared with paxilline
and GxTX-1E together, revealing an inward current, likely
carried by calcium channels, during the falling phase of the action
potential. We cannot be sure that this solution blocked all
potassium channels, but the experiment clearly shows that the
components of current carried by BK and Kv2 channels are ac-
companied by additional potassium currents that remain to be
identified.

Consistent with the different kinetics of BK and Kv2 currents
seen with voltage steps, the BK and Kv2 components of current
activated by the action potential had different kinetics. The BK

current activated much earlier during the action potential wave-
form, typically beginning before the peak of the action potential
(cf. Petrik et al., 2011). Kv2 current had a longer lag, beginning to
activate just after the peak of the action potential and reaching a
peak later in the repolarizing phase. In addition, Kv2 current
continued to flow longer into the afterhyperpolarization, consis-
tent with the slower deactivation kinetics of Kv2 channels seen
with voltage steps. In collected results, BK current reached its
peak 0.64 � 0.04 ms (n � 26) after the peak of the action poten-
tial, whereas Kv2 current reached its peak 0.99 � 0.04 ms after the
action potential peak (n � 27; p 	 0.0001). The time course of
deactivation during the action potential was quantified by mea-
suring the time at which each current decayed to 25% of its peak
value, with time measured relative to the peak of the action po-
tential. The time of decay to 25% was 1.60 � 0.04 ms after the
peak for BK current (n � 26) and 2.29 � 0.11 ms after the peak
for Kv2 current (n � 27, p 	 0.0001).

The difference in the kinetics of BK and Kv2 channel activa-
tion and deactivation during the action potential was seen espe-
cially clearly by plotting the conductance from each channel type
(Fig. 7, right), illustrating the persistence of the Kv2 conductance
into the afterhyperpolarization, when driving force is relatively
small.

Figure 6. BK and Kv2 currents in acutely dissociated dopamine neurons at 37°C. A, Outward current evoked by voltage steps from �68 to �22 mV in control (black), after application of 300 nM

paxilline (red), and after addition of 100 nM GxTX-1E (blue) in the continuing presence of paxilline. B, Conductance–voltage relation of paxilline-sensitive current. C, Conductance–voltage relation
of GxTX-1E-sensitive current (determined in same cell as B). D, Activation kinetics of paxilline-sensitive and GxTX-1E-sensitive currents at different voltages. E, Time to half-maximum current for
paxilline-sensitive (red) and GxTX-1E-sensitive current (blue) as a function of voltage. Mean � SEM; n � 7.
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We used paxilline to inhibit BK cur-
rent in dissociated cells because we
wanted to measure all BK current, includ-
ing any channels containing �4 subunits,
which are not blocked by iberiotoxin
(Meera et al., 2000; Wang et al., 2014). In a
smaller number of dissociated cells, we
tested the effect of iberiotoxin on spike-
evoked outward current. Iberiotoxin (150
nM) inhibited 49 � 9% (n � 7) of spike-
evoked outward current, very similar to
the inhibition by 300 nM paxilline (53 �
3%, n � 23) and also similar to the inhi-
bition by 150 iberiotoxin of spike-evoked
current in the slice experiments (59 � 9%
n � 7). The comparison suggests that little
if any BK current in dopaminergic neu-
rons arises from �4-containing channels.

Effects of BK and Kv2 inhibition on
action potential shape and evoked
firing in dissociated neurons
Similar to the results in brain slice record-
ings, inhibiting Kv2 and BK current had
very different effects on spike shape and
evoked firing in current-clamp experi-
ments using acutely dissociated neurons.
As in the brain slice experiments, inhibit-
ing either Kv2 channels or BK channels
produced a widening of the action potential, but although inhi-
bition of Kv2 channels reduced the size of the afterhyperpolariza-
tion, inhibition of BK channels produced an increase in the
afterhyperpolarization (Fig. 8). Inhibiting Kv2 channels with 100
nM GxTX-1E increased spike width from 2.11 � 0.12 ms in con-
trol to 3.24 � 0.34 ms with 100 nM GxTX-1E (n � 15, p � 0.0008)
and shifted the afterhyperpolarization more positive by an aver-
age of 5.9 � 0.6 mV, from �72.3 � 1.0 to �66.4 � 1.0 mV (n �
15, p � 0.0007). Inhibiting BK channels by 300 nM paxilline
increased spike width from 1.96 � 0.10 ms in control to 2.62 �
0.10 ms with paxilline (n � 19, p � 0.0001) and increased the
afterhyperpolarization by an average of �2.6 � 0.5 mV, from
�72.1 � 0.8 to �74.7 � 0.7 mV (n � 19, p � 0.0003). Thus, the
different effects of Kv2 and BK inhibition on spike shape are very
similar in acutely dissociated neurons as for neurons in brain
slice.

The contrasting effects of KV2 and BK inhibition on evoked
firing were also evident in acutely dissociated neurons (Fig. 9).
Just as for the experiments in brain slice, inhibiting Kv2 channels
produced an increase in the frequency of evoked firing at the
beginning of the current injection, but cells entered depolariza-
tion block more readily (Fig. 9A). The slope of the f–I curve
measured from the initial firing frequency increased almost two-
fold after Kv2 inhibition (Fig. 9B,C), from an average of 0.52 �
0.06 Hz/pA in control to 0.94 � 0.14 Hz/pA after inhibiting Kv2
currents (n � 9, significant at 0.01).

Blocking BK channels had the opposite effect on the f–I curve,
decreasing the slope (Fig. 9E,F). In collected results, the slope of
the f–I curve decreased from 0.55 � 0.03 Hz/pA in control to
0.33 � 0.02 Hz/pA after blocking BK current (n � 11, p � 0.004).

Although they affected spike shape and evoked firing, neither
Kv2 or BK inhibition had a consistent statistically significant ef-
fect on pacemaking frequency in dissociated neurons. In most
cases, as in the f–I curves shown in Figure 9, B and E, pacemaking

frequency (ie, with no injected current) was affected very little,
and the changes in the f–I curve only became substantial for
medium and large current injections. In a small number of cells,
both GxTX-1E and paxilline exposure produced small increases
or decreases in firing rate, but with no consistent direction. In
experiments blocking BK channels by 300 nM paxilline, the spon-
taneous firing rate was 6.0 � 0.6 Hz in control and 6.1 � 0.5 Hz
in paxilline (n � 14, p � 0.70). In experiments with Kv2 inhibi-
tion, the spontaneous firing rate was 5.7 � 0.5 Hz in control and
5.4 � 0.3 Hz in 100 nM GxTx (n � 15, p � 0.54).

Complementary recruitment of BK and Kv2 channels
A possible explanation for the paradoxical increase in the after-
hyperpolarization resulting from BK channel inhibition is sug-
gested by the different kinetics of BK and Kv2 channels. In the
absence of BK channels, increased Kv2 current might flow to
repolarize the action potential, partially replacing the lost BK
current. If so, the much slower deactivation kinetics of the Kv2
current compared with BK current would give a longer-lasting
conductance in the late phase of spike repolarization even though
total potassium current earlier in the spike is reduced as a result of
loss of BK current.

To test the idea that block of BK channels results in more
activation of Kv2 channels, we compared the activation of Kv2
channels by action potential waveforms recorded either in con-
trol or after blocking BK channels (Fig. 10). We found that sub-
stantially more Kv2 current flowed during the waveform
recorded in paxilline than during the control waveform. To
quantify the change, we integrated the Kv2-mediated current
flowing during each action potential waveform. The charge from
Kv2 channels increased from 0.8 � 0.1 pC in the control action
potential waveform to 1.3 � 0.2 pC flowing during the waveform
recorded in paxilline (n � 18, p � 0.0003), Thus, the broadening

Figure 7. BK and Kv2 current evoked by an action potential waveform in a dissociated SNc dopamine neuron at 37°C. Left,
Currents evoked by the waveform of a spontaneous action potential in control (black), after application of 300 nM paxilline (red),
and after additional application of 100 nM GxTX-1E (blue). All solutions also contained 1 �M TTX. Middle, Paxilline-sensitive (red)
and GxTX-1E-sensitive (blue) components of current evoked by the action potential waveform. Right, Paxilline-sensitive (red) and
GxTx-sensitive GxTX-1E-sensitive (blue) conductances evoked by the action potential waveform. Conductance was calculated from
the current by dividing by the driving force of the command waveform, V � Ek, where Ek is the Nernst potential for potassium
(�96 mV).
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of the action potential resulting from BK channel block results in
enhanced activation of Kv2 channels.

In complementary experiments, we used the waveforms of
spontaneous pacemaking recorded in control and after inhibi-
tion of Kv2 channels and measured the BK-mediated current
flowing during each of these waveforms (Fig. 11). The integrated
current mediated by BK channels increased from 0.9 � 0.1 pC in
the control waveform to 1.8 � 0.4 pC in the waveform with Kv2
channels inhibited (n � 19, p � 0.001). Thus, the altered action
potential shape following Kv2 channel inhibition results in en-
hancement of BK current. However, the increased BK current
evoked by the broader spike still deactivates relatively quickly.

Discussion
Despite extensive electrophysiological study of midbrain dopa-
mine neurons, little is known about which potassium channels
mediate spike repolarization. We found that both BK and Kv2
channels help repolarize spikes in SNc dopamine neurons, but
with different kinetic properties that result in divergent effects for
regulating firing.

Opposite control of evoked firing by BK
or Kv2 inhibition
Our results show that when either BK or
Kv2 channels are inhibited, the other type
is activated more during the spike. This
effect, along with their different kinetic
properties, especially the slow deactiva-
tion of Kv2 channels, can account for the
very different effects of Kv2 and BK inhi-
bition on evoked firing. Kv2 inhibition
produced faster firing and steeper fre-
quency– current curves, while inhibition
of BK produced frequency–current curves
with unchanged or shallower slopes.
When the curves were shallower, BK inhi-
bition could slow evoked firing (Figs. 5B,
9D). The differential regulation of evoked
firing can be understood by considering
the different activation and deactivation
kinetics of BK and Kv2 channels. The key
elements are: (1) the slower, later activa-
tion of Kv2 current during spikes com-
pared with BK channels; and (2) the
slower deactivation of Kv2 current follow-
ing spikes.

The speeding of firing after Kv2 inhibi-
tion is straightforward, from loss of a
relatively long-lasting hyperpolarizing in-
fluence after the spike. Although enhance-
ment of BK current partially replaces lost
Kv2 current, this replaces a slowly decay-
ing conductance by a faster-decaying
conductance. Additionally, with Kv2 inhi-
bition, the afterhyperpolarization shifted
positive by �5 mV, shortening the subse-
quent depolarization to spike threshold
and speeding firing. The effect of replac-
ing Kv2 conductance by BK conductance
would be greater at more depolarized
interspike intervals (ie, for large current
injections), because Kv2 deactivation ki-
netics become much slower, and less com-
plete, at more depolarized voltages (Liu
and Bean, 2014), whereas BK deactivation

kinetics remain very fast and compete up to at least �48 mV (Fig.
1A). This explains the greater changes for larger current injec-
tions and the steeper f–I curves produced by Kv2 inhibition.

The slowing of firing sometimes caused by BK inhibition is
counterintuitive, considered as simple loss of a potassium con-
ductance. It can be understood by the compensatory activation of
additional Kv2 current and the slower deactivation kinetics of
Kv2 channels. This resulted in a modest (�2.5 mV) hyperpolar-
izing shift of the afterhyperpolarization after BK inhibition. This
shift alone would tend to slow firing, but a bigger factor is likely
the slower deactivation of the Kv2 conductance than the BK con-
ductance it replaces, resulting in a longer-lasting potassium con-
ductance that opposes subsequent depolarization after the spike.

Effects on pacemaking
One of the only differences between experiments in brain slice
and dissociated neurons is that in slice both BK and Kv2 inhibi-
tion produced a modest speeding of pacemaking (from 2.9 � 0.2
Hz to 4.4 � 0.4 Hz with iberiotoxin and from 2.7 � 0.2 Hz to

Figure 8. Different effects of Kv2 and BK inhibition on spike shape in dissociated SNc dopamine neurons. A, Action potentials
averaged over 12 cycles of spontaneous firing in control (black) and after application of 100 nM GxTx-1E red) in a dissociated SNc
neuron. B, Collected results for effects of GxTX-1E on spike width (measured at the threshold voltage) in 15 neurons. Gray symbols
are individual cells; black and red points are mean � SEM for control (black) and after GxTX-1E (red). C, Collected results for effects
of GxTX-1E on the afterhyperpolarization in the same 15 neurons. D, Action potentials averaged over 12 cycles of spontaneous
firing in control (black) and after application of 300 nM paxilline (red) in a dissociated SNc neuron. E, Collected results for effects of
paxilline on spike width (measured at the threshold voltage) in 19 neurons. F, Collected results for effects of paxilline on the
afterhyperpolarization in the same 15 neurons. 37°C. *p 	 � 0.0008.
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3.8 � 0.4 Hz with GxTX-1E), whereas
there was no consistent effect on pace-
making in dissociated cells (�5– 6 Hz in
all conditions). The reasons for this differ-
ence are not obvious. Possibly the effects
in slice involve channels in dendrites or
the axon that are lost in dissociation. The
difference could also reflect the difference
in baseline firing frequency. During the
slow pacemaking of dopaminergic neu-
rons in brain slice, the net inward ionic
current driving depolarization is only 1–2
pA for much of the interspike interval
(Khaliq and Bean, 2008), so that very
small currents from any conductance can
modify pacemaking frequency. Both SK
currents and Kv4-mediated IA strongly
regulate pacemaking frequency (Ping and
Shepard, 1996; Liss et al., 2001; Wolfart et
al., 2001; Hahn et al., 2003; Waroux et al.,
2005; Deignan et al., 2012) and likely flow
throughout the interspike interval. Inter-
spike currents from IA are larger when in-
terspike voltage changes more rapidly
(Khaliq and Bean, 2008), so that faster
pacemaking likely involves both larger so-
dium and calcium generator currents and
larger partially opposing currents from IA;
under these conditions, the added effect of
small currents from BK or Kv2 channels at
the hyperpolarized interspike intervals
typical of pacemaking may be minimized.

Kv2 channel opposition of
depolarization block
A propensity to enter depolarization
block is a hallmark of midbrain dopamine
neurons (Grace and Bunney, 1986; Hy-
land et al., 2002; Blythe et al., 2009). Re-
cent work has explored how sodium
channel inactivation kinetics regulate en-
try into depolarization block (Tucker et
al., 2012; Qian et al., 2014). Our results
show that Kv2 current is another critical
element for depolarization block. After
inhibition of Kv2 currents, cells entered
depolarization block with smaller depo-
larizations, an effect not seen with inhibition of BK channels. The
promotion of depolarization block by Kv2 inhibition apparently
occurs because the afterhyperpolarization produced by BK chan-
nels alone is insufficiently negative and long lasting to allow ef-
fective recovery from sodium channel inactivation, especially
over repeated firing cycles. Promotion of depolarization block
following Kv2 channel inhibition has previously been seen in
cortical pyramidal cells, CA1 pyramidal cells, and superior cervi-
cal ganglion neurons (Guan et al., 2013; Liu and Bean, 2014).

BK channel enhancement of firing frequency
BK channels regulate firing in many types of mammalian neu-
rons. In some, including cerebellar Purkinje neurons (Edgerton
and Reinhart, 2003; Swensen and Bean, 2003; Womack at el.,
2009), most vestibular nucleus neurons (Smith et al., 2002; Nel-
son et al., 2003), and cerebellar Golgi cells (Hull et al., 2013)

inhibiting BK channels produces speeding of firing accompanied
by reduction in the afterhyperpolarization, the changes intui-
tively expected. However, in CA1 pyramidal neurons, inhibiting
BK channels has the counter-intuitive effect of slowing firing (Gu
et al., 2007; see also Smith et al., 2002), an effect subsequently seen
in several other neuronal types, including GABAergic neurons in
the vestibular nucleus (Gittis et al., 2010) and intracardiac auto-
nomic neurons (Pérez et al., 2013).

Two possible explanations for the ability of BK current to
enhance firing frequency, or for inhibition of BK current to slow
firing, have been suggested. One is that by enhancing the afte-
rhyperpolarization, BK channels enhance recovery from inac-
tivation of sodium channels. The second, proposed from
modeling of CA1 pyramidal neurons firing (Gu et al., 2007), is
that by providing rapid repolarization, BK channels prevent
activation of other potassium channels with slower deactiva-

Figure 9. Contrasting effects of Kv2 and BK inhibition on evoked firing in dissociated dopamine neurons. A, Burst-like activity
evoked by current injection in control (top, black) and after application of 100 nM GxTX-1E (bottom, red) in a dissociated neuron.
Dashed lines at 0 mV and �70 mV. B, Firing frequency of first three spikes as a function of injected current in control (black) and
with GxTX-1E (red) for the cell in A. C, Collected data for effect of 100 nM GxTX-1E on slope of frequency– current relationship in
dissociated neurons. Slope was determined by linear fit from 0 to 160 pA. Gray symbols show data for each of six cells. Black and red
symbols are mean�SEM in control and in 100 nM GxTX-1E, respectively. D, Burst-like activity evoked by current injection in control
(top, black) and after application of 300 nM paxilline (bottom, red) in a dissociated neuron. Dashed lines at 0 mV and �70 mV. E,
Firing frequency of first three spikes as a function of injected current in control (black) and with paxilline (red) for the cell in D. F,
Collected data for effect of 300 nM paxilline on slope of frequency– current relationship in each of 11 neurons (gray symbols). Black
and red symbols are mean � SEM in control and in 300 nM paxilline, respectively. 37°C. Asterisks indicate significance at 0.01 in C
and p � 0.004 in F.

16414 • J. Neurosci., December 16, 2015 • 35(50):16404 –16417 Kimm et al. • BK and Kv2 Regulation of Dopaminergic Neuron Firing



tion kinetics. Our results provide direct experimental demon-
stration of the second hypothesis and identify Kv2 channels as
a specific type of more slowly deactivating channel that can
underlie the effect.

The ability of BK channel activation to
speed firing by short-circuiting activation
of Kv2 or other slowly gating potassium
currents may be fairly widespread. When
fast-activating BK channels are enhanced
by knock-out of the beta4 subunit that
slows activation, firing of dentate gyrus
granule neurons becomes faster (Brenner
et al., 2005). Similar effects have been seen
with upregulation of BK current in supra-
chiasmatic nucleus neurons (Montgom-
ery and Meredith, 2012) and cortical
pyramidal neurons following picrotoxin-
induced seizures (Shruti et al., 2008). We
speculate that short-circuiting of Kv2 ac-
tivation may account for the effects of BK
upregulation in these neurons, though
this remains to be tested.

Other channels
Our results show that it can be difficult to
interpret the functional effect of removing
a given conductance, because activation
of other conductances can change. Aug-
mented spike-evoked Kv2 activation fol-
lowing BK inhibition is one example, but
there could be others. For example, the
broader action potentials produced by
both Kv2 block and BK block would be
expected to enhance calcium entry, which
in turn would be expected to enhance SK
current. Also, the changes in afterhyper-
polarization seen with Kv2 and BK inhibi-
tion likely change the kinetics and extent
of recovery from sodium channel inactiva-
tion. In addition, spike-evoked potassium
current clearly involves contributions from
channels in addition to BK and Kv2 chan-
nels (Fig. 8), whose activation or deactiva-
tion could also be affected by changes in
spike shape. Further work will be needed
to identify the full range of interactions
among these many conductances that
could potentially participate in regulating
spike shape, pacemaking frequency, and
evoked firing.

Relation to in vivo bursting
Although somatic current injection can
evoke firing at burst frequencies (Blythe et
al., 2009), natural burst firing evoked by
synaptic input clearly involves a complex
interaction between synaptic conductances
and many voltage-dependent channels in
both dendrites and soma. Previous exper-
iments and computational modeling have
identified a number of elements impor-
tant for regulating bursting (for review,
see Morikawa and Paladini, 2011; Paladini

and Roeper, 2014), including the voltage-dependent behavior of
NMDA receptors (Deister et al., 2009; Lobb et al., 2011), intra-
cellular calcium buffering (Grace and Bunney, 1984a), SK chan-
nels (Shepard and Bunney, 1991; Waroux et al., 2005), K-ATP

Figure 10. Recruitment of additional spike-evoked Kv2 current after BK inhibition. A, Top, Action potentials recorded in control
(black) and after application of paxilline (red). Bottom, Kv2 current evoked by the two waveforms. Kv2 current was obtained by
subtraction using 100 nM GxTX-1E. B, Collected results in 18 neurons. Gray symbols indicate results in each cell. Black and red points
are population mean � SEM for Kv2-mediated charge evoked by the control action potential (black) or the action potential
recorded in paxilline (red). 37°C. *p � 0.0003.

Figure 11. Recruitment of additional spike-evoked BK current after Kv2 inhibition. A, Top, Action potentials recorded in control (black)
and after application of 100 nm GxTX-1E (red). Bottom, BK current evoked by the two waveforms. BK current was obtained by subtraction
using 300 nM paxilline. B, Collected results in 19 neurons. Gray symbols indicate results in each cell. Black and red symbols are population
mean � SEM for control action potential and action potential recorded in GxTX-1E, respectively. 37°C. *p � 0.001.
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channels (Schiemann et al., 2012), and the kinetics of voltage-
dependent sodium channels (Tucker et al., 2012; Qian et al.,
2014). Our results now suggest that BK and Kv2 channels are also
likely to be key elements for controlling spike repolarization dur-
ing bursts, intraburst frequency, and depolarization block. The
new information on their voltage dependence and kinetics can
now be added to evolving computational models (Kuznetsova et
al., 2010; Ha and Kuznetsov, 2013) to better understand how
synaptic conductances, cable properties, and intrinsic membrane
properties interact to control bursting.

References
Amendola J, Woodhouse A, Martin-Eauclaire MF, Goaillard JM (2012)

Ca2�/cAMP-sensitive covariation of IA and IH voltage dependences
tunes rebound firing in dopaminergic neurons. J Neurosci 32:2166 –2181.
CrossRef Medline

Baranauskas G, Tkatch T, Surmeier DJ (1999) Delayed rectifier currents in
rat globus pallidus neurons are attributable to Kv2.1 and Kv3.1/3.2 K(�)
channels. J Neurosci 19:6394 – 6404. Medline

Blythe SN, Wokosin D, Atherton JF, Bevan MD (2009) Cellular mecha-
nisms underlying burst firing in substantia nigra dopamine neurons.
J Neurosci 29:15531–15541. CrossRef Medline

Brenner R, Chen QH, Vilaythong A, Toney GM, Noebels JL, Aldrich RW
(2005) BK channel beta4 subunit reduces dentate gyrus excitability and
protects against temporal lobe seizures. Nat Neurosci 8:1752–1759.
CrossRef Medline

Chan CS, Guzman JN, Ilijic E, Mercer JN, Rick C, Tkatch T, Meredith GE,
Surmeier DJ (2007) “Rejuvenation” protects neurons in mouse models
of Parkinson’s disease. Nature 447:1081–1086. CrossRef Medline

Deignan J, Luján R, Bond C, Riegel A, Watanabe M, Williams JT, Maylie J,
Adelman JP (2012) SK2 and SK3 expression differentially affect firing
frequency and precision in dopamine neurons. Neuroscience 217:67–76.
CrossRef Medline

Deister CA, Teagarden MA, Wilson CJ, Paladini CA (2009) An intrinsic
neuronal oscillator underlies dopaminergic neuron bursting. J Neurosci
29:15888 –15897. CrossRef Medline

Ding S, Wei W, Zhou FM (2011) Molecular and functional differences in
voltage-activated sodium currents between GABA projection neurons
and dopamine neurons in the substantia nigra. J Neurophysiol 106:3019 –
3034. CrossRef Medline

Drion G, Bonjean M, Waroux O, Scuvée-Moreau J, Liégeois JF, Sejnowski TJ,
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