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Methamphetamine (METH) is a substrate for the dopamine transporter that increases extracellular dopamine levels by competing with
dopamine uptake and increasing reverse transport of dopamine via the transporter. METH has also been shown to alter the excitability of
dopamine neurons. The mechanism of METH regulation of the intrinsic firing behaviors of dopamine neurons is less understood. Here we
identified an unexpected and unique property of METH on the regulation of firing activity of mouse dopamine neurons. METH produced
a transient augmentation of spontaneous spike activity of midbrain dopamine neurons that was followed by a progressive reduction of
spontaneous spike activity. Inspection of action potential morphology revealed that METH increased the half-width and produced larger
coefficients of variation of the interspike interval, suggesting that METH exposure affected the activity of voltage-dependent potassium
channels in these neurons. Since METH has been shown to affect Ca 2� homeostasis, the unexpected findings that METH broadened the
action potential and decreased the amplitude of afterhyperpolarization led us to ask whether METH alters the activity of Ca 2�-activated
potassium (BK) channels. First, we identified BK channels in dopamine neurons by their voltage dependence and their response to a BK
channel blocker or opener. While METH suppressed the amplitude of BK channel-mediated unitary currents, the BK channel opener
NS1619 attenuated the effects of METH on action potential broadening, afterhyperpolarization repression, and spontaneous spike
activity reduction. Live-cell total internal reflection fluorescence microscopy, electrophysiology, and biochemical analysis suggest METH
exposure decreased the activity of BK channels by decreasing BK-� subunit levels at the plasma membrane.
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Introduction
Methamphetamine (METH) regulates dopamine neurotrans-
mission through a variety of mechanisms (Kogan et al., 1976).
METH competes with dopamine uptake and stimulates dopa-

mine efflux via the dopamine transporter (Bennett et al., 1998),
decreases tyrosine hydroxylase (TH) activity (Haughey et al.,
1999), and reduces both dopamine transporter and vesicular mono-
amine transporter levels at the membrane (Brown et al., 2000; Bau-
cum et al., 2004). Our laboratory and others have shown that acutely
applied amphetamines (1–3 min) increases the firing activity of do-
pamine neurons (Ingram et al., 2002; Saha et al., 2014). Dopamine
transporter activity and different ionic currents involved in action
potentials (APs), such as L-type calcium current (Shibasaki et al.,
2010), outward potassium current (Lin et al., 2010), and inwardly
rectifying potassium current (Sharpe et al., 2015), are thought to be
directly or indirectly associated with METH regulation of electrical
properties of neurons, albeit with a mechanism that is less under-
stood in dopamine neurons.
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Significance Statement

Methamphetamine (METH) competes with dopamine uptake, increases dopamine efflux via the dopamine transporter, and
affects the excitability of dopamine neurons. Here, we identified an unexpected property of METH on dopamine neuron firing
activity. METH transiently increased the spontaneous spike activity of dopamine neurons followed by a progressive reduction of
the spontaneous spike activity. METH broadened the action potentials, increased coefficients of variation of the interspike inter-
val, and decreased the amplitude of afterhyperpolarization, which are consistent with changes in the activity of Ca 2�-activated
potassium (BK) channels. We found that METH decreased the activity of BK channels by stimulating BK-� subunit trafficking.
Thus, METH modulation of dopamine neurotransmission and resulting behavioral responses is, in part, due to METH regulation
of BK channel activity.
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Potassium (K�) channels, which comprise one of the most
diverse classes of ion channels, regulate neuronal excitability in a
variety of ways (Hille, 2001). Large-conductance Ca 2�-activated
potassium channels (KCa1.1, BK, MaxiK) play important roles in
controlling neuronal excitability (Shao et al., 1999; Faber and
Sah, 2002; Lin et al., 2014). BK channels have been shown to
mediate a link between intracellular signaling pathways and elec-
trical signals in the neurons through a feedback regulation coun-
tering increases in intracellular Ca 2� ([Ca 2�]i) and membrane
depolarization (Vergara et al., 1998; Latorre and Brauchi, 2006;
Salkoff et al., 2006). BK channels shape neuronal activity in a
number of ways, including AP termination (Lovell and McCobb,
2001), modifying firing frequency and spike frequency adapta-
tion (Lin et al., 2014), and terminating bursting or bistable firing
(Kiehn and Harris-Warrick, 1992; Lara et al., 1999). While BK
channels are normally regarded as inhibitory (i.e., able to reduce
neuronal excitability), numerous studies support the idea that
suppression of BK-channel activity reduces neuronal excitability
(Brenner et al., 2005; Gu et al., 2007; Lin et al., 2014). For exam-
ple, activation of BK channels has been shown to enhance the
excitability of adrenal chromaffin cells (Solaro et al., 1995; Lovell
and McCobb, 2001), CA1 hippocampal pyramidal cells (Gu et al.,
2007), and parasympathetic cardiac motoneurons in the nucleus
ambiguus (Lin et al., 2014). Similarly, enhancement of BK-
channel currents has been linked to neuronal hyperexcitability
and epilepsy in cortical neurons (Brenner et al., 2005; Lorenz et
al., 2007; Shruti et al., 2008; Wang et al., 2009).

METH has been shown to increase protein levels of the L-type
calcium channel Cav1.2 and Cav1.3 in the frontal cortex and
limbic forebrain neurons (Shibasaki et al., 2010), leading to in-
creased intracellular Ca 2� levels (Uramura et al., 2000). More-
over, METH-induced inward Na� current via the dopamine
transporter has been shown to depolarize dopamine neurons (Fi-
scher and Cho, 1979; Stephans and Yamamoto, 1995; Saha et al.,
2014). Therefore, METH stimulation of dopamine neurotrans-
mission and thus behavioral responses might be in part due to
METH regulation of the excitability of dopamine neurons by alter-
ing the activity of other channels, such as BK channels. In this study,
we examined METH regulation of spontaneous spike activity, AP
properties, and their potential association with BK channel-
mediated currents in midbrain dopamine neurons.

Materials and Methods
Animals
Midbrain neuronal cultures were obtained from RFP::TH mice (ob-
tained from Dr. McMahon, Vanderbilt University), a transgenic mouse
strain where the dopamine neurons are rendered fluorescent (Zhang et
al., 2004). Briefly, the TH promoter-driven red fluorescent protein (RFP)
transgene (TH::RFP) was constructed by ligating a 4.5 kb HindIII/EcoRI
fragment of the rat TH promoter with DsRed2-1 (Clontech). Mice were
housed in the animal care facilities at the University of Florida in accor-
dance with Institutional Animal Care and Use Committee, under guide-
lines established by National Institutes of Health. Food and water were
available ad libitum in the home cage. The room was maintained under
12 h light/dark cycle.

Neuronal and green fluorescent protein-�-HEK293 cell culture
Mouse midbrain dopamine neurons from 0 –2-d-old pups of either sex
were isolated and incubated in a dissociation medium containing the
following (in mM): 116 NaCl, 5.4 KCl, 26 NaHCO3, 25 glucose, 2
NaH2PO4, 1 MgSO4, 1.3 cysteine, 0.5 EDTA, 0.5 kynurenate containing
20 units/ml papain at 34 –36°C under continuous oxygenation for 2 h.
Tissue was then triturated with a fire-polished Pasteur pipette in glial
medium containing the following: 50% minimum essential medium;
38.5% heat-inactivated fetal bovine serum; 7.7% penicillin/streptomy-

cin; 2.9% D-glucose (45% solution in H2O), and 0.9% glutamine (200
mM). Dissociated cells were pelleted by centrifugation at 500 � g for 10
min and resuspended in glial medium. Cells were plated on 12 mm round
coverslips coated with 100 �g/ml poly-L-lysine and 5 �g/ml laminin in
35 � 10 mm tissue culture Petri dishes. One hour after plating, the
medium was changed to neuronal medium containing the following: 2%
minimum essential medium, 75% Ham’s F12 medium, 19% heat-
inactivated horse serum, 2% heat-inactivated fetal bovine serum, 1.56%
D-glucose (45% solution in H2O), 0.04% insulin (0.025 g/ml), and 0.4%
apotransferrin (50 mg/ml). Neuronal medium was conditioned over-
night on cultured glia. The conditioned neuronal medium was supple-
mented with 1 ng/ml glial cell line-derived neurotrophic factor and 500
�M kynurenate and filter-sterilized before it was added to the neuronal
cultures.

HEK293 cells stably expressing green fluorescent protein (GFP)-� sub-
units were a generous gift from Dr. Robert Brenner, University of Texas
Health Science Center at San Antonio. The cell culture and maintenance
have been described previously (Goodwin et al., 2009; Saha et al., 2014).

Electrophysiological recordings
Whole-cell recordings. Spontaneous firing activity of midbrain dopamine
neurons was examined via whole-cell current-clamp recordings. The
neurons were continuously perfused with artificial CSF (aCSF) contain-
ing the following (in mM): 126 NaCl, 2.5 KCl, 2 CaCl2, 26 NaHCO3, 1.25
NaH2PO4, 2 MgSO4, and 10 dextrose, equilibrated with 95% O2-5%
CO2; pH was adjusted to 7.4. Patch electrodes were fabricated from boro-
silicate glass (1.5 mm outer diameter; World Precision Instruments) with
the P-2000 puller (Sutter Instruments). The tip resistance was in the
range of 3–5 M�. The electrodes were filled with a pipette solution
containing the following (in mM): 120 potassium-gluconate, 20 KCl, 2
MgCl2, 10 HEPES, 0.1 EGTA, 2 ATP, and 0.25 GTP, with pH adjusted to
7.25 with KOH. Unless indicated, all experiments were performed in the
presence of dopamine D1 receptor antagonist SCH23390 (1 �M) and D2

receptor antagonist sulpiride (1 �M; Ingram et al., 2002) in the aCSF to
block dopamine D1 and D2 receptors. All experiments were performed at
37°C. To standardize AP recordings, neurons were held at their resting
membrane potential (see below) by DC application through the record-
ing electrode. APs were recorded if the following criteria were met: a
resting membrane potential of ��35 mV and an AP peak amplitude of
�60 mV. AP half-width was measured as the spike width at the half-
maximal voltage using Clampfit 10 software (Axon Instruments). Since af-
terhyperpolarization (AHP) peaked at �10 ms from the beginning of the
AP, the AHP amplitudes were measured at 10 ms. Steady-state basal activity
was recorded for 2–3 min before bath application of the drug. For experi-
ments involving drug application, each coverslip was used for only one re-
cording. The spontaneous spike activity of midbrain dopamine neurons was
obtained by averaging 1 min interval activities at baseline (before METH
treatment) and after 7–10 min of METH. The paxilline modulation of spon-
taneous spike activity was measured after 4–5 min of drug exposure.

To record the outward currents, cells were perfused with aCSF solu-
tion as described above. Tetrodotoxin (TTX) and 4-aminopyridine (4-
AP) were included in the recording solution unless otherwise indicated.
TTX (0.0005 mM) was used to block the voltage-dependent Na � chan-
nels and a low concentration of 4-AP (1 mM) was used to reduce voltage-
gated K � currents and to unmask the Ca 2� dependence of K � currents.
Outward currents were evoked by a series of 200 ms depolarizing steps
from �90 to �50 mV in 10 mV increments. To avoid possible interfer-
ence between responses, the depolarizing voltage steps were delivered
every 5 s. Data were obtained in 1–3 min intervals while the patches were
held at �65 mV. The series resistances were in the range of 5–10 M�
(typically 5 M�) and were compensated 60% on-line. Membrane poten-
tial measurements were not corrected for the liquid junction potential
(�15 mV). Leak currents were subtracted using a standard P/4 protocol.
Before seals (5 G�) were made on cells, offset potentials were nulled.
Capacitance subtraction was used in all recordings. To determine current
density (pA/pF), the peak current value of the steady-state current at 180
ms was divided by the membrane capacitance from each recorded cell.
Mean current density was plotted against membrane potential (I–V ) and
was fitted by the Boltzmann equation: I 	 Imin � (Imax � Imin)/[1 �
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exp ��(V � V1/2)], where I is the current, Imax is the maximum current,
Imin is the minimum current, � is a slope factor, and V1/2 is the midpoint
potential.

Single-channel recordings in dopamine neurons. Single-channel cur-
rents were recorded in outside-out patch configurations. Electrodes were
pulled to a final tip resistance of 2–3 M� and filled with the internal
solution as described above. To identify single BK channels in outside-
out patches, the extracellular face of the channel was perfused with aCSF
containing 2 mM Ca 2�, and the cytoplasmic face was in the pipette in-
ternal solution with 0 mM Ca 2�. When multiple channel types were
observed in a patch, BK currents were distinguished by the following
characteristics: (1) presence of outward currents, (2) amplitudes �10 pA
at 80 mV, (3) voltage regulation of outward current, and (4) paxilline sen-
sitivity. For all single-channel recordings, the current was low-pass filtered at
1 kHz and acquired at a sampling rate of 20 kHz using a Digidata 1300
analog-to-digital converter (Molecular Devices) and the Clampex acquisi-
tion program of pCLAMP (version 10, Molecular Devices).

Recording from HEK cells expressing GFP-� subunits. HEK293-GFP-�
subunit cells were cultured as described previously (Goodwin et al., 2009;
Wang et al., 2009; Saha et al., 2014). The cells were plated on glass cov-
erslips (Electron Microscopy Sciences). GFP expression was used to iden-
tify � subunit-expressing cells. Electrophysiology experiments were
performed 3 d after plating the cells. Macropatch recordings were per-
formed using the excised inside-out patch-clamp configuration at 22–
23°C. Patch pipettes were pulled to a final tip resistance of 1.5–3 M� and
filled with the internal solution. The electrode solution was composed of
the following (in mM): 20 HEPES, 140 KMeSO3, 2 KCl, and 2 MgCl2, pH
7.2. The bath solution was composed of a pH 7.2 solution containing the
following (in mM): 20 HEPES, 140 KMeSO3, and 2 KCl. Intracellular
Ca 2� was buffered with 5 mM N-(2-hydroxyethyl) ethylenediamine
tracetic acid to give the required 10 �M free [Ca 2�] concentration calcu-
lated using the Maxchelator program (Winmaxchelator software; Dr.
Chris Patton, Stanford University, Pacific Grove, CA). Recordings and
data acquisition were described above (see Single-channel recordings in
dopamine neurons).

Immunofluorescence staining and confocal imaging
Midbrain dopamine neurons were grown on glass coverslips and treated
with vehicle or 10 �M METH for 15 or 30 min. The cells were then washed
with HBSS solution (Life Technologies) and fixed with freshly prepared
3.7% paraformaldehyde (Electron Microscopy Sciences) for 20 min at
room temperature and washed twice with PBS solution. Neurons were
then incubated with 4 mg/ml Alexa 555-conjugated cholera toxin sub-
unit B for 30 min at 4°C followed by three 20 min washes. For immuno-
labeling of � subunits of BK channels, the cells were then permeabilized
as described by Misonou et al. (2006). Washes, blocking, and incubation
with primary and secondary antibodies were performed in cell-collection
chambers on the stage of an orbital shaker. The neurons were incubated
in blocking solution containing 10% normal goat serum (Lampire Bio-
logical Laboratories) and 0.5% Triton X-100 in PBS (Sigma-Aldrich) at
room temperature for1 h. The neurons were then washed three times
with PBS and incubated with a solution containing primary antibody
(anti-Slo1/BK� potassium channel antibody; 1:1000), 0.1% Triton
X-100, and 5% normal goat serum at 4°C overnight. The primary anti-
body anti-Slo1/BK� potassium channel was purchased from NeuroMab
(ID: AB 2249538). On the following day, the primary antibody was re-
moved and cells were subjected to three 20 min washes before addition of
Alexa Fluor 488-conjugated secondary antibody (Life Technologies) di-
luted at 1:200 –500 in PBS. Cells were incubated in secondary antibody
for 1 h in the dark at room temperature followed by three 20 min washes.
Coverslips were then mounted on the Superfrost Excell Microscope
Slides (VWR) using Flouromount-G (SouthernBiotech). Slides were
stored in the dark at 4°C until imaging. Confocal images were col-
lected using a Nikon A1 laser-scanning confocal microscope. Excita-
tion wavelengths were set at 488 and 555 nm for the respective
fluorescent markers. Images were acquired using 488 nm excitation
with a 514 nm long pass filter and 555 nm excitation with a 561 nm
long pass filter. Images were taken using a 60� Nikon objective with
a 1.40 numerical aperture.

The intensity correlation quotient (ICQ) analysis was completed as de-
scribed by Li et al. (2004). The ICQ provides a single value indication that can
be used for statistical comparison. Typically, with N (number of pixels) � 5
ROIs, a mean ICQ value of �0.05 to �0.05 indicates random staining,
�0.05 to�0.10 indicates a moderate covariance, and�0.1 indicates a strong
covariance. A high staining overlap in the absence of covariance will not
generate a high ICQ value. In fact, in the extreme case where all pixels are
stained equally by the two dyes, the ICQ value will be 0, reflecting a lack of
covariance. ICQ analysis was performed via an automated graphic plugin
(Image Correlation Analysis V8–13) for the public domain image analysis
software ImageJ (Wayne Rasband, Research Services Branch, National Insti-
tutes of Mental Health, National Institutes of Health, Bethesda, MD).

Total internal reflection fluorescence microscopy
For these experiments, HEK293 cells expressing GFP-� subunits were
plated onto 35 mm glass-bottom dishes (No. 1 thickness) to 60 – 80%
confluence. A Nikon Ti Eclipse (Nikon) inverted microscope equipped
with a multiline solid-state laser source (470, 514, 561 nm) was used for
all total internal reflection fluorescence (TIRF) microscopy imaging. La-
sers were guided through a 60� 1.4 numerical aperture objective. Images
were detected digitally using a CCD camera. Image exposure time was
coupled with stimulation duration at 100 ms and laser intensity was
maintained at 40%. For quantification of fluorescence intensity at the cell
surface, experimenter-defined ROIs were created for each cell to exclude
both cell membrane overlap between adjacent cells and measurement of
intensity at the peripheral edges of cells. Background fluorescence was
subtracted from all images. Mean intensity over time for each cell ROI
was recorded continuously before and after the application of 10 �M

METH, 0.1 �M �-phorbol 12-myristate 13-acetate (PMA), or 1 �M bis-
indolylmaleimide I (BIM-I) to the bath solution. All imaging were per-
formed in the isotonic, isosmotic external solution described above. The
baseline fluorescent intensity is defined as the average fluorescent inten-
sity 5 min before drug application. All values were normalized to the
baseline fluorescent intensity. Single-count elementary sequential
smoothing was applied for image presentation only and not for analysis.
Bleaching at each experimental time point was determined by the
amount of decreased fluorescence intensity in untreated cells.

Western blot
For Western blot analysis, midbrain and striatal tissue from adult wild-
type C57BL/6 mice was harvested and homogenized in RIPA buffer con-

Table 1. Chemicals reagents and drugs for primary neuronal culture

Chemicals Concentration Supplier; catalog number

NaCl 116 mM Sigma-Aldrich; S7653
KCl 5.4 mM Sigma-Aldrich; P9541
NaHCO3 26 mM Sigma-Aldrich; S5761
D-(�)-glucose 25 mM Sigma-Aldrich; G8270
NaH2PO4 2 mM Sigma-Aldrich; 71505
MgSO4 1 mM Sigma-Aldrich; m7506
Cysteine 1.3 mM Sigma-Aldrich; C6645
EDTA 0.5 mM Sigma-Aldrich; E9884
Kynurenate 0.5 mM Sigma-Aldrich; K3375
Papain 20 U/ml Worthington; LS003126
Penicillin/streptomycin 7.70% Sigma-Aldrich; P4333
L-glutamine 0.90% Sigma-Aldrich; 59202C
Poly-I-lysine 100 �g/ml Sigma-Aldrich; P1399
Laminin 5 �g/ml Sigma-Aldrich; L2020
Insulin 0.025 g/ml Sigma-Aldrich; I2643
Apotransferrin 50 ml/ml Sigma-Aldrich; T0178
GDNF 1 ng/ml Sigma-Aldrich; SRP3200

Table 2. Antibodies for immunofluorescence staining and Western blot

Antibody Host species Dilution Supplier; catalog number

Slo1 maxi-K � channel Mouse (monoclonal) 1:1000 NeuroMab; ID: AB 2249538
Alexa Fluor 488 Anti-mouse IgG (H � L) 1:500 Life Technologies; A-11029
Cholera toxin subunit B 4 �g/ml Life Technologies; C-34776

10378 • J. Neurosci., October 5, 2016 • 36(40):10376 –10391 Lin et al. • METH Regulation of Firing Activity of DA Neurons



taining protein/phosphatase inhibitors (Thermo Pierce). Homogenized
tissue was incubated in lysis buffer for 30 min at 4°C. Soluble protein was
isolated by centrifugation at 10,000 rpm for 10 min at 4°C and denatured
by incubation with Laemmli sample buffer (Bio-Rad) at 65°C for 15 min.
Samples were run on 10% acrylamide SDS-PAGE gels and transferred to
PVDF membranes. Membranes were incubated with mouse anti-Slo1
maxi-K � channel antibody at 1:1000 overnight at 4°C. Membranes were
then washed and incubated with horseradish peroxidase-conjugated sec-
ondary antibodies for 1 h at room temperature. After washes, proteins
were visualized using SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo Fisher Scientific).

Drugs and reagents. The drugs and reagents used in this study were
purchased from Sigma-Aldrich. Anti-Slo1/BK� potassium channel
was purchased from NeuroMab (ID: AB 2249538); secondary anti-
bodies (fluorophore-conjugated) and cholera toxin subunit B were
purchased from Thermo Fisher Scientific (Life Technologies). All
other reagents and supplies were purchased as described above.

Chemicals, reagents, and drugs used for primary neuronal culture
are listed in Table 1. Antibodies used for immunofluorescence stain-
ing and Western blot analysis are listed in Table 2. The catalog num-
ber of the reagents and drugs used for electrophysiology and
microscopy experiments are listed in Table 3.

Figure 1. METH produces a biphasic effect on the spontaneous firing activity of midbrain dopaminergic neurons. A, Top, Representative trace of a spontaneously active dopamine neuron before
(baseline, no drug) and after application of 10 �M METH. Middle, Rate histogram of the trace shown in the top panel, in which each bar represents the total spikes within each 10 s interval. Bottom,
Representative image of RFP::TH-labeled (left) and neurobiotin-labeled (middle) neurons. Merged image is shown in the right panel (scale bar, 20 �m). B, C, Data are mean
SEM; the spontaneous
firing rate is decreased after prolonged (�4 min) METH treatment. D, E, Mean 
 SEM; METH significantly increased the spike half-width. F, Mean 
 SEM; interspike intervals were calculated over
1 min of spontaneous firing activity (baseline, no drug). METH-treated neurons exhibited larger coefficients of variation of the interspike interval compared with the baseline, suggesting METH
exposure produced a variable firing pattern. In B, D, and F, left y-axis shows absolute values, right y-axis shows normalized values. *p � 0.05; **p � 0.01 (n 	 10 per group).

Table 3. Chemicals reagents and drugs for electrophysiological and TIRF recordings

Chemicals Concentration (mM) Supplier and catalog number

NaCl 126 Sigma-Aldrich, S7653
KCl 2.5 Sigma-Aldrich, P9541
CaCl2 2 sigma-Aldrich, 223506
NaHCO3 26 Sigma-Aldrich, S5761
NaH2PO4 1.25 Sigma-Aldrich, 71505
MgSO4 2 Sigma-Aldrich, M7506
Dextrose 10 Sigma-Aldrich, D9434
Potassium gluconate 120 Sigma-Aldrich, P1847
MgCl2 2 Sigma-Aldrich, M8266
HEPES 10 Sigma-Aldrich, H3375
EGTA 0.1 Sigma-Aldrich, E3889
ATPNa2 2 Sigma-Aldrich, A2383
GTPNa 0.25 Sigma-Aldrich, G8877
SCH23390 0.001 Sigma-Aldrich, D054
Sulpiride 0.001 Sigma-Aldrich, S8010
Tetrodotoxin 0.0005 Cayman, 14964
4-Aminopyridine 1 Sigma-Aldrich, 275875
Methamphetamine 0.01 Sigma-Aldrich, M8750
Paxilline 0.01 Tocris, 2006
NS 1619 0.01 Sigma-Aldrich, N170
PMA 0.0001 Sigma-Aldrich, P8139
Bisindolylmaleimide I 0.001 EMD Millipore, 203291
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Data analysis
The electrophysiology data were acquired using the ClampEx 10 software
package (Molecular Devices). The data were analyzed off-line using
pClamp 10. The nonparametric Kolmogorov–Smirnov test was used to
compare cumulative distributions in situations where two groups being
compared had unequal variances or were not normally distributed. Cu-
mulative distribution differences for firing rate and half-width were eval-
uated using the Kolmogorov–Smirnov test with Clampfit 10 software.
For all experiments, the data are presented as mean 
 SEM. N denotes
the number of neurons or cells for each experiment. Statistical signifi-
cance was assessed using two-tailed Student’s t tests or one-way ANOVA.
If ANOVA showed statistical significance, all pairwise post hoc analysis
was performed using a Tukey’s post hoc test. Differences were considered
significant at p � 0.05 (*, significance � 0.05; **, significance � 0.01).
The coefficient of variation is a measure of the relative spread of the data.
It is computed as the SD divided by the mean times 100%.

Results
Identification of dopamine neurons
We used multiple complementary approaches to ensure the
proper identification of dopamine neurons in our recordings.
The dopaminergic neurons were identified in the following ways:
(1) by expression of TH promoter-driven RFP, (2) morphologi-
cally by their large cell bodies with broad 2–5 first-order pro-
cesses, (3) electrophysiologically by their well characterized
spontaneous firing frequency of 0.3– 4 Hz, and (4) by their pre-
viously described acute response to METH (Ingram et al., 2002;
Branch and Beckstead, 2012; Saha et al., 2014). The recording
pipettes were filled with internal solution (as described in Mate-
rials and Methods) plus neurobiotin. After the recordings, the
neurons were subjected to immunolabeling for neurobiotin and

TH-RFP (Fig. 1A, bottom). A total of 232 midbrain dopamine
neurons were recorded and analyzed for the experiments out-
lined below. The average input resistance was 320.5 
 22.5 M�;
the membrane time constant was 832.1 
 46.7 �s; and the mem-
brane capacitance was 65.8 
 3.3 pF. All of the experiments were
performed in the presence of D1 and D2 receptor blockers.

METH produces a biphasic effect on the spontaneous firing
activity of midbrain dopamine neurons
Figure 1A shows a representative example of spontaneous spike
activity before and after METH application. Consistent with pre-
vious studies (Grace and Bunney, 1984; Tepper et al., 1987),
the majority of the recorded dopamine neurons exhibited a
mixture of single spikes and burst activity with an underlying
“pacemaker-like” periodicity. Tonic irregular single-spike firing
occurred at rates of 1– 4 spikes per second; bursts of 3– 8 spikes
occurred at high frequencies of �10 –20 Hz with a pause between
subsequent bursts. The resting potential was defined as the base-
line voltage at spike threshold. Bath application of METH pro-
duced a rapid but transient increase in the firing frequency,
followed by a progressive decrease in the firing frequency within
4 –10 min (Fig. 1A, top). While the membrane potential at base-
line before drug application was �51.1 
 1.7 mV, the membrane
potential following 10 min of continuous METH treatment was
�44.2 
 2.4 mV (t(18) 	 �2.4, p � 0.05, two-tailed Student’s
t tests; n 	 10). This was accompanied by a �78% reduction in
the mean firing rate, which was determined from the mean base-
line value set at 100% (Fig. 1B,C; B: t(18) 	 5.3, p � 0.01, two-
tailed Student’s t tests; C: p � 0.0001, Kolmogorov–Smirnov test;

Figure 2. Single-spike analyses suggest that METH and paxilline modulate the repolarization and AHP. A, Representative traces of single AP at baseline (blue trace) and following METH treatment
(10 �M, red trace). B, Representative traces of single APs at baseline (blue trace) and following blockade of BK channels with paxilline (10 �M, green trace). C, Data are mean 
 SEM; while METH
treatment decreased the half-amplitude of APs, paxilline increased the half-amplitude of APs. D, Mean 
 SEM; compared with the baseline untreated condition, both METH and paxilline exposure
broadened the spike half-width. E, Mean 
 SEM; METH or paxilline decreased the peak amplitude of AHP. Boxplot whiskers indicate maximum and minimum data points. **p � 0.01 (n 	 7 or 8
per group).
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n 	 10). In addition, METH exposure broadened the spike half-
width measured at the half-maximal voltage (Fig. 1D,E; D:
t(18) 	 �7.2, p � 0.01, two-tailed Student’s t tests; E: p � 0.0001,
Kolmogorov–Smirnov test; n 	 10). Compared with baseline
control, the coefficient of variation of the interspike interval was
significantly increased by 66.6 
 2.4% after continuous METH
application (10 min), suggesting that METH exposure produces a
variable firing pattern (variable spike interval; Fig. 1F; METH:
2.03 
 0.27; baseline: 1.23 
 0.21; t(18) 	 �2.4, p � 0.05, two-
tailed Student’s t tests; n 	 10).

METH and paxilline blockade of BK channels regulate the
repolarization and AHP of APs
Activation of BK channels has been shown to contribute to AP
repolarization and AHP (Adams et al., 1982; Lancaster and Ni-
coll, 1987; Faber and Sah, 2002; Lin et al., 2014). Thus, to under-
stand whether METH regulation of intrinsic firing behavior of
dopamine neurons involves BK channel activity, we examined
the influence of METH and a BK channel blocker paxilline on
single spike amplitudes, repolarization, and AHP in spontane-
ously active dopamine neurons (Fig. 2A,B). We found while
METH (10 �M) decreased the half amplitude of APs and paxilline
(10 �M) increased the half amplitude of APs [Fig. 2C; F(2,52) 	

44.3, p � 0.01, one-way ANOVA followed by Tukey’s test; n:
baseline, 7 neurons (17 spikes); METH, 8 neurons (20 spikes);
paxilline, 7 neurons (18 spikes)], both METH and paxilline treat-
ments significantly increased the mean half-widths of APs and
decreased the amplitude of AHP [Fig. 2D,E; D: F(2,55) 	 777.9,
p � 0.01, one-way ANOVA followed by Tukey’s test; n: baseline,
8 neurons (20 spikes); METH, 8 neurons (20 spikes); paxilline, 7
neurons (18 spikes); E: F(2,102) 	 163.8, p � 0.01, one-way
ANOVA followed by Tukey’s test, n 	 7 neurons (35 spikes)/
group)]. This suggests continuous METH exposure might have
altered the activity of BK channels. Since blockade of BK channels
by paxilline broadened the APs in dopamine neurons (Fig.
2B,D), it is possible that the METH-induced increased in AP
widths (Fig. 2A,D) is in part due to inhibition of BK channels. To
test whether METH modulates BK channel-mediated currents,
families of outward currents were evoked by 200 ms voltage steps
ranging from �90 to �50 mV in 10 mV increments from a hold-
ing potential of �70 mV (Fig. 3A1,B1). METH application (3
min) reduced outward currents (Fig. 3A2). METH-sensitive
outward currents (Fig. 3A3) were obtained by subtracting the
currents after METH application from the currents evoked be-
fore METH application (baseline). To isolate the BK channels-
mediated outward currents, the paxilline-sensitive currents (Fig.

Figure 3. METH or paxilline inhibits Ca 2�-activated K � (BK) channel-mediated outward currents. A1, B1, Families of outward currents were evoked by voltage steps from �90 to �50 mV for
200 ms with 10 mV increments every 5 s from the holding potential of �70 mV. A2, B2, Outward currents after METH (10 �M) or paxilline (10 �M) treatment. A3, B3, METH-sensitive (A1 � A2) and
paxilline-sensitive (B1 � B2) currents. C, Data are mean 
 SEM; from 0 to �50 mV membrane potential, the peak current at baseline was significantly larger than METH-sensitive or paxilline-
sensitive currents. From �20 to �50 mV membrane potentials, METH-sensitive currents were larger than paxilline-sensitive currents. D, In cells expressing BK-� subunits, families of outward
currents were evoked by voltage steps from �70 to �170 mV for 250 ms with 10 mV increments every 5 s from the holding potential of �70 mV, before and after METH administration. E, Mean 

SEM; shows peak I–V curves before (baseline) and after METH application. *p � 0.05 (n 	 5, 8, or 11 per group).
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3B3) were obtained by subtracting the currents after paxilline
(Fig. 3B2) from the outward currents before paxilline application
(baseline). The current–voltage ( I–V) curves are shown in Figure
3C. Similar to METH and paxilline regulation of AP potential
morphology, the I–V curves for both METH and paxilline block-
ade of BK channels shared general similarities; nevertheless, they
only point to the possibility of METH modulation of BK channel-
mediated currents in dopamine neurons. Therefore, we next
asked whether METH affects the activity of the BK channel in
HEK293 cells expressing GFP-� subunits of BK channel (Fig.
3D,E). We used excised inside-out patches to record currents in
response to test voltage steps. In the neurons, BK channels are
colocalized with a Ca 2� source, i.e., they are very close to a cal-
cium channel so that the local concentration of Ca 2� near BK
channel is high (Fakler and Adelman, 2008; Cox, 2014). Since
HEK cells do not provide a similar colocalized calcium source
(unless they cotransfected a calcium channel), in excised inside-
out patch experiments, we used a buffered Ca 2� concentration of

10 �M [Ca 2�] at the cytoplasmic side of the membrane. Figure
3D shows representative BK currents in response to test voltage
steps. Figure 3E shows the I–V curves. As shown in Figure 3E,
METH decreased the peak BK channel-mediated currents. These
results are consistent with the interpretation that METH reduces
the activity of the BK channel by potentially targeting the pore-
forming � subunit of the BK channel.

Methamphetamine reduced BK unitary currents
To further examine METH regulation of BK currents in dopa-
mine neurons, first we identified the unitary BK channel outward
currents in outside-out excised patches of dopamine neurons
(n 	 8). As shown in Figure 4, the BK channels exhibited single-
channel unitary currents, had a large conductance, and at �80
mV predominantly existed in the open state (Fig. 4A, top trace).
These single-channel currents were almost completely blocked
by paxilline (Fig. 4A, second trace from top) and recovered after
paxilline washout (data not shown). At and below �20 mV, the

Figure 4. METH regulates the activity of large-conductance Ca 2�-activated K � (BK) channels. A, Identification of BK channels in midbrain dopamine neurons. Representative currents recorded
from an outside-out patch of dopamine neurons at different holding potentials; unitary upward current deflections are visible at potentials ��20 mV. Second trace from the top depicts paxilline
blockade of unitary upward current deflections at �80 mV. B, Representative currents recorded from outside-out patch of dopamine neurons held at �80 mV in the absence of METH (top), the
presence of METH (second trace), the presence of METH plus NS1619 (an activator of BK channel; third trace), and the presence of NS1619 alone (fourth trace). C, Data are mean 
 SEM; interevent
interval (IEI; 1 ms bin) histograms of BK currents obtained from the data recorded at the holding potential of �80 mV for 6 s. The frequency of baseline BK currents as determined from IEIs was
significantly decreased after METH treatment, but significantly increased in the presence of METH plus NS1619. D, Mean 
 SEM; peak I–V curves were plotted against the membrane potential. The
single-channel conductance generated by the linear fit in control condition was 209 pS. METH decreased the peak amplitude of unitary currents compared with control. NS1619 treatment attenuated
the effect of METH on the unitary current amplitude. E, Mean 
 SEM; the activator of the BK channel, NS1619, alone increased the peak amplitude of unitary currents compared with control, the
untreated condition. *p � 0.05 (n 	 5, 7, 8, 9, or 10 per group).
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BK channels were mostly in a closed state. At �20 mV, macro-
scopic unitary upward deflections were detected, where their am-
plitude increased at depolarized potentials of �40, �60, and �80
mV. We used these experimental settings to study METH regu-
lation of BK channel activity in outside-out excised patches after
METH treatment. Figure 4B shows unitary BK currents recorded
at a holding potential of �80 mV at baseline; after application of
METH; after application of NS1619, a BK channel opener, fol-
lowed by METH; or after application of NS1619 alone. The fre-
quency of baseline unitary BK currents (determined from
interevent intervals) was significantly decreased after METH ad-
ministration (Fig. 4C; p � 0.0001, Kolmogorov–Smirnov test;
n 	 8 vs 10). Application of NS1619 significantly increased the
frequency of BK currents when coadministered with METH (Fig.
4C, bottom left; p � 0.0001, Kolmogorov–Smirnov test; n 	 9) or
when NS1619 was administered alone (Fig. 4C, bottom right; p �
0.0001, Kolmogorov–Smirnov test, n 	 5). The maximum cur-
rent amplitudes were plotted against the test voltages to construct
I–V curves (Fig. 4D,E). The I–V curve in the control group re-
vealed a slope conductance of 209 pS, which is in agreement with
the conductance values reported for BK channels in other neuro-
nal types and smooth muscle (McManus, 1991). At �80 mV,
METH significantly decreased the amplitude of the unitary cur-

rent peaks by 39.9%, from 19.99 
 2.4 to 12.02 
 1.5 pA (Fig. 4D;
t(16) 	 3.0, p � 0.01, two-tailed Student’s t tests; groups from �60
mV to �80 mV: F(1,14) 	 0.3, p � 0.05, one-way ANOVA fol-
lowed by Tukey’s test; n 	 8 vs 10). Consistent with the idea that
METH decreases BK channel activity, application of BK channel
opener NS1619 reversed the METH-induced reduction of uni-
tary currents (Fig. 4D; t(17) 	 �4.1, p � 0.01, two-tailed Student’s
t tests; groups from �60 to �80 mV: F(1,14) 	 0.7, p � 0.05,
one-way ANOVA followed by Tukey’s test; n 	 8/group). In
addition, NS1619 increased the mean amplitude of unitary cur-
rent by 38.6%, from 19.63 
 3.4 to 31.98 
 5.0 pA (Fig. 4E;
t(10) 	 �2.3, p � 0.05, two-tailed Student’s t tests; groups from
�60 to �80 mV: F(1,12) 	 1.4, p � 0.05, one-way ANOVA fol-
lowed by Tukey’s test; n 	 7 vs 5). These data suggest that METH
modulates BK channel-mediated currents in dopamine neurons.

Paxilline decreases the spontaneous firing activity of
dopamine neurons
Since activation of BK channels eliminated the METH-induced
reduction of unitary current peaks, we reasoned that paxilline-
inhibition of BK channels might influence the excitability of do-
pamine neurons. Therefore, we assessed the spontaneous spike
activity of these neurons at resting membrane potential before

Figure 5. Paxilline decreases the spontaneous firing activity of dopamine neurons. A, Top, Representative trace from a spontaneously active dopamine neuron before and after application of
paxilline (10 �M). Bottom, A rate histogram from the above trace. B, C, Data are mean 
 SEM; analysis of the frequency of the spontaneous firing activity of dopamine neurons after blockade of BK
channels. D, E, Mean 
 SEM; blockade of BK channels increases the spike half-width. F, Mean 
 SEM; interspike intervals were calculated over 1 min of firing activity. Compared with the baseline
drug-free condition, blockade of BK channels exhibited larger coefficients of variation of the interspike interval. In B, D, and F, the left y-axis shows absolute values, and the right y-axis shows
normalized values. *p � 0.05; **p � 0.01 (n 	 9 per group).
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and after paxilline administration. Paxilline progressively re-
duced the spontaneous spike activity of these neurons (Fig.
5A–C). There was no significant difference between the paxilline-
induced and METH-induced reduction of the magnitude of fir-
ing frequency, determined as the percentage of the mean baseline
(77.9 
 7.1% in paxilline; 77.8 
 10.3% in METH; t(17) 	 0.008,
p � 0.05, two-tailed Student’s t tests; n 	 9 vs 10), but the onset of
paxilline-induced reduction of firing frequency occurred earlier
(1.45 
 0.3 min vs 3.8 
 0.6 min; t(15) 	 3.8, p � 0.01, two-tailed
Student’s t tests; n 	 8 vs 9). Moreover, similar to METH, paxil-
line significantly depolarized the membrane potential (baseline:
�48.5 
 0.1 mV; paxilline: �43.1 
 1.7 mV; t(16) 	 �2.9, p �
0.05, two-tailed Student’s t tests; n 	 9), increased the half-width
(Fig. 5D,E; D: t(16) 	 �3.8, p � 0.01, p � 0.01, two-tailed Stu-
dent’s t tests; E: p � 0.0001, Kolmogorov–Smirnov test), and
increased the coefficient of variation of interspike intervals
(Fig. 5F; t(16) 	 �2.7, p � 0.05, two-tailed Student’s t tests).

Activation of BK channels circumvents METH-induced
reduction of spontaneous spike activity in dopamine neurons
and partially restores METH-induced reduction of AHP
amplitude and AP width
We found that although NS1619 could not restore METH-
induced reduction of AP amplitude [Fig. 6A,C: F(2,57) 	 9397.7,
p � 0.01, one-way ANOVA followed by Tukey’s test; n 	 6 neu-
rons (20 spikes)/group], NS1619 reversed the effect of METH on
AP width. There was no significant difference between the base-
line AP width and the AP width after METH plus NS1619 treat-

ment [Fig. 6A,D: F(2,56) 	 896.8, p � 0.01, one-way ANOVA
followed by Tukey’s test; n 	 6 neurons (baseline, 19 spikes;
METH, 20 spikes; METH � NS1619, 20 spikes)]. As compared
with METH alone, coapplication of NS1619 and METH partially
diminished the effect of METH-induced suppression of AHP
amplitude [Fig. 6B,E; F(2,41) 	 48.7, p � 0.01, one-way ANOVA
followed by Tukey’s test; n 	 6 neurons (baseline, 15 spikes;
METH, 14 spikes; METH � NS1619, 15 spikes)]. Next, we inves-
tigated whether activation of the BK channel prevents METH-
induced suppression of spontaneous spike activity of dopamine
neurons. Representative responses of spontaneous spike activity
following METH treatment and following combined application
of METH and NS1619 are shown in Figure 7A. Consistent with
Figure 1, METH significantly increased the firing frequency when
applied alone, but application of NS1619 (10 �M) prevented the
METH-induced delayed reduction of firing activity (Fig. 7B,C; B:
F(2,24) 	 16.5, p � 0.01, one-way ANOVA followed by Tukey’s
test; C: p � 0.0001, Kolmogorov–Smirnov test, baseline or
NS1619 vs METH; n 	 9), and restored the AP half-width to
control levels (Fig. 7D,E; D: F(2,24) 	 35.2, p � 0.01, one-way
ANOVA, followed by Tukey’s test; E: Kolmogorov–Smirnov test,
p � 0.0001, baseline or NS1619 vs METH; n 	 9). In addition,
NS1619 prevented the METH-induced membrane depolariza-
tion (baseline: �45.5 
 1.2 mV; METH alone: �40.1 
 1.5 mV,
t(16) 	 �3.1, p � 0.01; METH plus NS1619: � 44.2 
 1.7 mV,
t(16) 	 �0.7, p � 0.05, two-tailed Student’s t tests; n 	 9), while
the coefficient of variation of the interspike intervals did not
significantly discriminate between the groups (Fig. 7F).

Figure 6. NS1619 attenuates METH alteration of AP repolarization and AHP. A, B, Representative traces of single APs in dopamine neurons in the absence of drug (blue trace), following METH
exposure (10 �M, red trace), and following coadministration of the BK channels activator NS1619 (10 �M, green trace). C, Data are mean 
 SEM; METH and METH plus NS1619 truncated the
amplitude of APs. D, Mean 
 SEM; while METH treatment broadened the spike half-width, concomitant NS1619 treatment attenuated the effect of METH on the spike half-width. E, Mean 
 SEM;
METH suppressed the AHP amplitude, whereas NS1619 decreased the effect of METH on AHP. Boxplot whiskers indicate maximum and minimum data points. **p � 0.01 (n 	 6 per group).
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Combined application of METH and paxilline occludes the
effects of METH on the spontaneous firing activity of
dopamine neurons
The results so far suggest that activation of BK channels circum-
vents METH-induced reduction of spontaneous spike activity in
dopamine neurons. Therefore, METH inhibition of spontaneous
firing activity of dopamine neurons could be through suppres-
sion of BK channel activity. If that were the case, then combined
METH and paxilline treatment should occlude the effects of the
other, and vice versa. As shown in Figure 8, combined METH and
paxilline treatment markedly increased the spontaneous firing
activity of dopamine neurons (Fig. 8A–C; B: t(20) 	 �2.9, p �
0.01, two-tailed Student’s t tests; C: p � 0.0001, Kolmogorov–
Smirnov test; n 	 11/group). Interestingly, contrary to the effect
of each drug alone, combined METH and paxilline significantly
decreased the AP half-width (Fig. 8D,E; D: t(20) 	 4.1, p � 0.01,
two-tailed Student’s t tests; E: p � 0.0001, Kolmogorov–Smirnov
test; n 	 11/group), had no effect on the coefficient of variation of
interspike intervals, and did not change the membrane potentials
(baseline, before drug application: �46.7 
 1.5 mV; METH �
paxilline: �45.3 
 1.7 mV, t(20) 	 1.0, p � 0.05, two-tailed Stu-
dent’s t tests; n 	 11/group). These data support the idea that

METH-induced reduction of spontaneous firing activity of do-
pamine neurons is mediated through BK channels.

METH reduces membrane levels of BK-� subunits via a
protein kinase C-dependent mechanism
The BK-� subunit is the pore-forming unit of the BK channel
(Knaus et al., 1994), and it has been shown that there is a direct
relationship between BK channel regulation of neuronal excit-
ability and the level of BK-� subunits at the surface membrane
(Shruti et al., 2012; Chen et al., 2013; Cox et al., 2014). Therefore,
we examined the possibility that METH-mediated suppression of
neuronal activity is due to METH-induced reduction of the BK-�
subunit level at the plasma membrane. Using Western blot anal-
ysis, we first confirmed endogenous expression of BK-� subunits
in mice midbrain and striatum, two brain regions containing the
largest number of dopamine neurons (Fig. 9C; n 	 4). We then
used immunostaining of BK-� subunits in cultured mice mid-
brain dopamine neurons to identify the membrane pool of BK-�
subunits and to examine whether METH influences membrane
distribution of BK-� subunits. To identify the plasma membrane,
we used a fluorophore-conjugated cholera-toxin B subunit (Al-
exa Fluor 555 conjugate), which binds to ganglioside GM1 at the

Figure 7. NS1619 attenuates the effect of METH on the spontaneous firing activity of dopamine neurons. A, Top, Representative trace from a spontaneously active dopamine neuron before and
after application of METH followed by NS1619 treatment (10 �M). Bottom, Rate histogram of the trace above. B, C, Data are mean 
 SEM; NS1619 diminished the effect of METH on the spontaneous
firing frequency. D, E, Mean 
 SEM; while METH increased the spike half-width, NS1619 attenuated the effect of METH on the spike half-width. F, Mean 
 SEM; the coefficients of variation of the
interspike intervals were not significantly different among the three groups: baseline, METH, and NS1619. In B, D, and F, the left y-axis shows absolute values, and the right y-axis shows normalized
values. **p � 0.01 (n 	 9 per group).
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membrane (Fig. 9A, middle; Sandvig and van Deurs, 2000). Next,
we identified the BK-� subunits in dopamine neurons by immu-
nolabeling against BK-� subunits (Fig. 9A, left). Examinations of
mean ICQ values at the soma (0.13 
 0.006) and the neurites
(0.24 
 0.01) revealed that BK-� subunits are colocalized with
GM1 at the surface membrane of dopamine neurons (Fig. 9A,
right; B). METH exposure significantly reduced the ICQ values to
0.09 
 0.05 at 15 min and to 0.05 
 0.009 at 30 min for the soma
and 0.17 
 0.011 at 15 min and to 0.16 
 0.012 at 30 min for the
neurites of immunostained dopamine neurons (Fig. 9B; body,
F(2,64) 	 23.8, p � 0.01; neurites, F(2,64) 	 10.0, p � 0.01, one-way
ANOVA followed by Tukey’s test; n: baseline, 20; METH 15 min,
29; METH 30 min, 18).

Although results from fixed dopamine neurons suggest METH
might have influenced the membrane level of BK-� subunits, it
falls short of addressing the effect of METH on the dynamic
trafficking of the channel away from the membrane. Therefore,
to examine whether METH induces surface redistribution of the
BK channels, we used TIRF microscopy to monitor BK channel
trafficking. TIRF microscopy is an imaging technique that selec-
tively illuminates fluorophores at or near the surface membrane.
The TIRF profile of GFP-� subunits was examined in HEK293
cells expressing GFP-� subunits in the presence or absence of 10
�M METH. As shown in Figure 10, the GFP-� subunits’ fluores-

cence signal at the membrane was stable in the vehicle (external
solution)-treated control group. The TIRF profile of GFP-� sub-
units was markedly reduced following METH treatment (Fig.
10A; top row, vehicle-treated cells; second row, METH-treated
cells; Fig. 10B; F(1,180) 	 126.9, p � 0.01, one-way ANOVA fol-
lowed by Tukey’s test; n 	 5/group).

METH has been shown to increase the activity of protein ki-
nase C (PKC; Sandoval et al., 2001; Shibasaki et al., 2011). In
addition, PKC has been shown to decrease the activity of the BK
channel (Schubert et al., 1999; Taguchi et al., 2000) by reducing
the membrane level of BK-� subunits (Surguchev et al., 2012).
Therefore, we tested the hypothesis that METH-mediated reduc-
tion of the GFP-� subunit at the membrane is due to PKC acti-
vation. The TIRF profile of GFP-� subunits was markedly
reduced following bath application of PMA, a PKC activator (0.1
�M; Fig. 10A, fourth row). Conversely, pretreatment with the
PKC inhibitor BIM-I (1 �M, 20 min; Fig. 10A, third row) pre-
vented METH-induced trafficking of GFP-� subunits (Fig. 10C;
F(1,180) 	 136.7, p � 0.01, one-way ANOVA followed by Tukey’s
test; n 	 7/group). Since PMA and BIM-I target multiple iso-
forms of PKC, these experiments do not identify which PKC
isoform is involved in GFP-� subunit trafficking. Nonetheless,
these data support the interpretation that METH decreases the

Figure 8. Simultaneous application of METH and paxilline increased the spontaneous firing activity of dopamine neurons. A, Top, Representative trace from a spontaneously active dopamine
neuron before and after application of METH and paxilline. Bottom, Rate histogram from the above trace. B, C, Data are mean 
 SEM; analysis of the frequency of the spontaneous firing activity of
dopamine neurons with combined treatment of paxilline and METH. D, E, Mean 
 SEM; the spike half-width decreased after bath application of combined paxilline and METH. F, Interspike intervals
were not significantly different. In B, D, and F, the left y-axis shows absolute values, and the right y-axis shows normalized values. **p � 0.01 (n 	 11 per group).
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activity of the BK channel by reducing cell-surface distribution of
the � subunits via a PKC-dependent mechanism.

Discussion
In this study, we identified an unexpected and unique property of
METH on intrinsic firing behavior of dopamine neurons. While
we and others have shown that METH rapidly and transiently
increased the spontaneous spike activity of dopamine neurons
through activation of the dopamine transporter (Ingram et al.,
2002; Saha et al., 2014), here we found prolonged exposure to
METH progressively reduced the spontaneous firing activity of
dopamine neurons, which was reversed by activation of BK chan-
nels. This effect was not due to indirect effects of METH on D1 or
D2 receptor activation because these experiments were per-
formed when D1 and D2 receptors were blocked. Both METH
and paxilline, a BK channel inhibitor, broadened APs and re-
duced AHP (Fig. 2). Using excised patch recordings, we identified
a METH-sensitive BK-mediated unitary current (Fig. 4) and
found that NS1619, a BK channel opener, diminished the
METH-induced suppression of spontaneous spike activity, AP
broadening, and AHP reduction. These data suggest that METH-
induced alteration of intrinsic firing behavior of dopamine neu-
rons is, in part, due to regulation of BK channel activity. Live-cell
TIRF microscopy and immunostaining of surface membrane BK
channel-� subunits revealed that METH decreased the surface
level of the BK-� subunit via a PKC-dependent mechanism (Fig.

10). Together, our results support the interpretation that BK
channels in dopaminergic neurons may serve as a novel cellular
target of METH.

Consistent with previous reports, we found midbrain dopa-
mine neurons exhibit two types of firing patterns: sparse clusters
(Figs. 1A, 7A) and pacemaker-like irregular single-spike activity
(Figs. 5A, 8; Grace and Bunney, 1984; Tepper et al., 1987). Dopa-
mine transporter activation by amphetamines has been shown to
rapidly (within 30 s) depolarize the neurons and increase the
firing rate (Ingram et al., 2002; Branch and Beckstead, 2012; Saha
et al., 2014). In this study, first we reproduced the existing reports
regarding the effect of rapid METH exposure on the firing activity
of midbrain dopamine neurons. Consistent with the literature
(Ingram et al., 2002; Branch and Beckstead, 2012; Saha et al.,
2014), METH rapidly (within 30 s) increased the firing frequency
of dopamine neurons that reached peak firing rate after �3 min
(Fig. 1A). Our laboratory and others have extensively character-
ized this early effect (1–2 min) of amphetamines on the excitabil-
ity of dopamine neurons when D1 and D2 receptors are blocked
(Ingram et al., 2002; Saha et al., 2014). In addition, following
longer METH exposure (�4 min), we found METH produced a
time-dependent biphasic effect on the spontaneous spike activity
of dopamine neurons, in which continuous METH exposure
progressively decreased the firing frequency below baseline (Fig.
1A). Examination of APs revealed that METH exposure broad-

Figure 9. METH exposure reduces plasma membrane localization of the � subunit in dopamine neurons. A, Representative immunofluorescence labeling of the endogenous � subunits of BK
channels and cholera toxin subunit B-labeled (CTxB) GM1-positive microdomains at the plasma membrane of dopamine neurons. B, Data are mean 
 SEM; colocalization of � subunits and CTxB
in the soma and neurites of dopamine neurons before and after METH treatment. C, Western blot analysis detects the � subunit of BK channels in the midbrain and striatal tissue, two brain regions
containing dopamine neurons. **p � 0.01 (n 	 18, 20 or 29 per group).
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ened APs and repressed AHP (Fig. 2A,D,E); therefore, we hy-
pothesized that METH may have influenced a K� conductance in
these neurons. METH has been shown to increase the level of
L-type Ca 2� channels in the frontal cortex and the limbic fore-
brain neurons (Shibasaki et al., 2010), leading to increased intra-
cellular Ca 2� levels (Uramura et al., 2000). Hence, METH may
regulate the excitability of dopamine neurons by altering the
Ca 2�-activated BK channels, known to modulate neuronal
activity.

BK channels are involved in AP repolarization in several neu-
ronal types (Adams et al., 1982; Lancaster and Nicoll, 1987;
Storm, 1990; Lin et al., 2014). Consistent with these reports, we
found BK channels are expressed in dopamine neurons (Fig. 9)
and contribute to AP repolarization and AHP, where blockade of
BK channels increased the half-width of APs and repressed AHP
(Smart, 1987; Faber and Sah, 2002; Lin et al., 2014; Fig. 2). Since
the effects of METH on AP width and AHP were similar to
blockade of BK channels, we investigated METH regulation of
BK-mediated currents in dopamine neurons. Whole-cell patch-
clamp recordings (Fig. 3) and single-channel analysis (Fig. 4)
support the interpretation that BK channels in dopamine neu-
rons are activated at membrane potentials ��20 mV with a con-
ductance of 209 pS, which are comparable to reported values for
BK channel properties in other neurons (Smart, 1987; Francio-

lini, 1988; Gola et al., 1992; Lin et al., 2014). While the BK channel
blocker paxilline almost completely repressed the currents, the
BK channel opener NS1619 enhanced the current amplitude and
frequency. Consistent with the idea that METH inhibits BK chan-
nel activity, METH suppressed the amplitude and frequency of
BK unitary currents, whereas NS1619 reduced the influence of
METH on these unitary currents (Fig. 4). Together, these obser-
vations strongly support the notion that METH inhibits the ac-
tivity of BK channels in dopamine neurons.

Although neuronal potassium channels are usually regarded
as inhibitory (i.e., reducing neuronal excitability; Lancaster and
Nicoll, 1987; Alger and Williamson, 1988; Storm, 1990), in-
creased neuronal excitability are reported following blockade of
BK channels in dissociated Purkinje neurons (Swensen and Bean,
2003), rat dorsal root ganglia neurons (Zhang et al., 2003), and
spontaneous firing of vestibular nucleus neurons (Nelson et al.,
2003). Consistently, while BK channel antagonists have shown to
reduce burst firing in abnormally active neurons (Jin et al., 2000;
Shruti et al., 2008), the firing activity of Purkinje neurons is de-
creased in BK�/� mice (Sausbier et al., 2004; Chen et al., 2010). In
the present study, we found that the BK channel blocker paxilline
inhibited the firing rate of dopamine neurons (Fig. 5). This sug-
gests activation of BK channels in dopamine neurons can facili-
tate excitability, rather than having an inhibitory role. These data

Figure 10. METH or PMA internalizes � subunits, while BIM-1 inhibition of PKC prevented internalization of the GFP-� subunit. A, Representative TIRF microscopy images of the GFP-� subunit
at the plasma membrane of HEK 293 cells following vehicle, 10 �M METH, 1 �M BIM-1 plus METH, or 0.1 �M PMA treatment. B, C, Data are mean 
 SEM; analyses of relative fluorescent intensities
at the surface membrane following vehicle, METH, METH plus BMI-1 or PMA treatments. N 	 5 or 7 per group.
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are consistent with the reports showing that activation of BK
channels enhance the excitability of adrenal chromaffin cells (So-
laro et al., 1995; Lovell and McCobb, 2001), CA1 hippocampal
pyramidal cells (Gu et al., 2007), and parasympathetic cardiac
motoneurons in the nucleus ambiguus (Lin et al., 2014). Simi-
larly, enhanced BK channel activity has been linked to neuronal
hyperexcitability and epilepsy in cortical neurons (Brenner et al.,
2005; Lorenz et al., 2007; Shruti et al., 2008; Wang et al., 2009).
Thus, METH reduction of the firing frequency of dopamine neu-
rons might be due to decreased BK channel activity. If that were
the case, then enhancing the activity of BK channels should at-
tenuate the effects of METH. To examine this, we compared the
effects of METH in the presence or absence of NS1619 on the AP
properties and spontaneous spike activity. We found that the BK
channel opener not only prevented METH-induced AP broaden-
ing, but also restored AHP to baseline levels (Fig. 6). In addition,
NS1619 prevented METH reduction of spontaneous spike activ-
ity (Fig. 7). It is possible that METH suppression of AP amplitude
(Figs. 2, 6) is due to its indirect effect on other channels and
transporters known to influence delayed rectifier potassium cur-
rent (Van Goor et al., 2001; Petrik et al., 2011).

Next, we examined the underlying mechanism for the de-
creased BK channel activity following continuous METH expo-
sure. As shown in Figure 9, BK-� channels are found in dopamine
neurons and continuous METH exposure decreased cell-surface
levels of BK-� channels and thus their activity (Fig. 3D,E). Struc-
turally, BK channels are composed of �2 noncovalently associ-
ated subunits: the pore-forming � subunit (four � subunits form
the channel pore) and the regulatory � subunits (Knaus et al.,
1994; Brenner et al., 2000; Lu et al., 2006). BK channel complexes
containing the � subunits are found abundantly in neurons,
where they regulate APs and neurotransmitter release (Weiger et
al., 2002; Lu et al., 2006). To maintain the scope of the current
study, we did not examine the distribution of other auxiliary
subunits of the BK channel. It is possible that multiple auxiliary
subunits of the BK channel are expressed in dopamine neurons,
where they modulate dopamine neuron activity. These subunits
will be the focus of our future studies.

The intrinsic gating properties of Ca 2�-activated K� channels
and their trafficking are dynamically modulated by kinases (Chae
and Dryer, 2005; Toro et al., 2006; Zarei et al., 2007). METH has
been shown to increase the activity of such kinases as protein
kinase A (Crawford et al., 2003; Lin et al., 2010) and PKC (San-
doval et al., 2001; Shibasaki et al., 2011). Therefore, it is possible
that METH-induced phosphorylation of the � subunit or � sub-
unit of the BK channel leads to increased trafficking and/or al-
tered gating properties of the channel. This idea is supported by
the findings that both METH and PMA increased trafficking of
GFP-� subunits (Fig. 10), whereas PKC inhibition reversed
METH-induced internalization of GFP-� subunits (Fig. 10).
Therefore, METH suppression of the outward current shown in
Figure 3D,E might be due to METH-induced internalization of
GFP-� subunits. PMA and BIM-I target multiple isoforms of
PKC. Since PKC isoforms have been shown to impart signaling
specificity (Lanuza et al., 2014), it would be of interest in future
studies to determine which PKC isoform is involved in the
METH regulation of BK channel activity.

In summary, BK channels in dopamine neurons can facilitate
neuronal excitability, and METH may increase cell-surface redis-
tribution of the BK-� subunit to inhibit the activity of dopamine
neurons. Because METH-induced increases in the firing activity
of dopamine neurons is transient and is followed by a prolonged
decrease in firing activity, our data support the idea that METH

inhibition of dopamine uptake and stimulation of dopamine ef-
flux are two central mechanisms for the prolonged stimulation of
dopamine neurotransmission and behavioral responses to
METH.
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