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The DA system is activated by unexpected rewards, novelty and other 
salient stimuli, and is essential for flexible control of behavioral strat-
egies. DA midbrain neurons integrate synaptically relayed sensory 
inputs and other signals to select and learn motor programs1,2. Distinct 
subpopulations of DA midbrain neurons innervate different areas of 
the cortex and basal ganglia3,4 that control, learn, prioritize and update 
motor decisions in a context- and reward-dependent manner. In 
humans, high-resolution functional magnetic resonance imaging has 
identified distinct DA midbrain regions that are preferentially activated 
by either reward or novelty5. However, the cellular and molecular bases 
of differential signaling in distinct DA subpopulations are unknown.

Dopamine midbrain neurons respond to novel or reward-predicting  
sensory cues and to unexpected rewards with a switch from low- 
frequency firing to phasic burst firing at higher frequencies2. Some 
DA neuron subpopulations also burst in response to aversive or salient  
stimuli1, whereas others generate burst discharges as start and stop signals 
of learned action sequences6. DA neuron–specific deletion of the prin-
cipal subunit of NMDA receptors substantially reduces this burst firing  
in vivo7, suggesting that, among other known modulators of DA neuron 
bursting8, NMDA receptors are an essential component for the pha-
sic DA response. However, several in vitro studies have suggested that 
NMDA receptor activation alone is not sufficient to switch DA midbrain 
neurons to a burst-firing mode. A previous study found that the activity 
of the sodium-potassium ATPase and application of a hyperpolarizing 
current were necessary for the induction of robust in vitro bursting 
by NMDA9. Although the relevant ion channel is unknown for DA 
neurons, a recent study showed in subthalamic neurons that NMDA  

receptor stimulation in vitro induced the co-activation of K-ATP chan-
nels10. In pancreatic β-cells, K-ATP channel opening facilitates burst-
like firing both in vitro and in vivo11,12. We found that K-ATP channels, 
which we previously characterized in DA midbrain neurons3,13,14, gate 
in vitro and in vivo bursting selectively in medial SN (m-SN) DA neu-
rons and thereby control novelty-induced exploratory behavior.

K-ATP channels promote neurodegeneration in vulnerable SN DA 
neurons in chronic mouse models of Parkinson’s disease14. In addition, 
L-type calcium channels have been implicated in the differential vul-
nerability in Parkinson’s disease15. How these ion channels contribute 
to the pathophysiology of human SN DA neurons remains unknown. 
We observed elevated mRNA expression of K-ATP channel and NMDA 
receptor subunits and a high degree of in vivo bursting in human  
SN DA neurons from Parkinson’s disease patients, consistent with the 
newly described functional role of these potassium channels.

RESULTS
Regional differences of in vivo burst firing in DA neurons
The in vivo function of K-ATP channels in DA midbrain neurons is 
unknown. To address this issue, we characterized the spontaneous 
action potential discharges (unit activity) of individual, juxtacellularly 
labeled and immunohistochemically identified DA neurons recorded in 
isoflurane-anesthetized 3-month-old C57bl6N wild-type mice (n = 46  
neurons, N = 29 mice; Fig. 1 and Supplementary Table 1). These 
tyrosine hydroxylase–expressing neurons were localized in the ventral  
tegmental area (VTA), m-SN or lateral SN (l-SN). We also tested a subset 
of these cells (n = 32) for the expression of calbindin-D28K, an established 
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Phasic activation of the dopamine (DA) midbrain system in response to unexpected reward or novelty is critical for adaptive 
behavioral strategies. This activation of DA midbrain neurons occurs via a synaptically triggered switch from low-frequency 
background spiking to transient high-frequency burst firing. We found that, in medial DA neurons of the substantia nigra (SN), 
activity of ATP-sensitive potassium (K-ATP) channels enabled NMDA-mediated bursting in vitro as well as spontaneous in vivo 
burst firing in anesthetized mice. Cell-selective silencing of K-ATP channel activity in medial SN DA neurons revealed that their 
K-ATP channel–gated burst firing was crucial for novelty-dependent exploratory behavior. We also detected a transcriptional 
upregulation of K-ATP channel and NMDA receptor subunits, as well as high in vivo burst firing, in surviving SN DA neurons from 
Parkinson’s disease patients, suggesting that burst-gating K-ATP channel function in DA neurons affects phenotypes in both 
disease and health.
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marker for less vulnerable DA midbrain subpopulations in Parkinson’s 
disease16 (Supplementary Fig. 1 and Supplementary Table 1).

We examined spontaneous in vivo firing of identified DA neurons in 
the l-SN, m-SN and VTA (Fig. 1a–c). DA neurons in these midbrain 
regions had similar mean discharge rates of 4–5 Hz (Fig. 1d) and fired 
single spikes or bursts in either an oscillatory or irregular manner. To 
analyze discharge patterns, we used the conventional burst-detection 
algorithm (percentage of spikes fired in bursts, %SFB, with burst onset 
of an interspike interval <80 ms (ref. 17) and calculated autocorrelation 
histograms (ACH)18. For quantitative ACH description, we applied 
our recently established doubly stochastic model (Gaussian locking 
to a free oscillator, GLO; Supplementary Fig. 2)19. We found no dif-
ferences in the incidence of single spike and burst patterns (Fig. 1e) 
across VTA, m-SN and l-SN DA neurons, but detected region-selective 
differences in the intraburst firing properties (Fig. 1f,g), suggesting the 
presence of distinctive burst mechanisms (Supplementary Table 1).

K-ATP channels gate burst firing in m-SN DA neurons
In K-ATP channel knockout (Kir6.2−/−, also known as Kcnj11) mice14, 
we detected a selective change in the in vivo firing properties of  
m-SN DA neurons. In contrast to m-SN DA neurons recorded in wild-
type mice (Fig. 2a), they were locked in a regular, single-spike firing  

pattern (Fig. 2b). This pattern shift occurred without changes in mean 
firing frequencies (Fig. 2c). Burst firing, both oscillatory and irregu-
lar, was almost completely absent (%SFB m-SN: wild type, 22.3 ± 5.3, 
n = 19 neurons, N = 13 mice; Kir6.2−/−, 6.8 ± 1.5, n = 21 neurons,  
N = 14 mice; P = 0.005; Fig. 2d). The ACH- and GLO-based pattern 
classification confirmed the selective shift from burst to single-spike  
firing in m-SN DA neurons (Fig. 2e). In contrast, no substantial changes 
in burst firing were observed in Kir6.2−/− DA neurons of l-SN or VTA 
(Fig. 2d,e, Supplementary Fig. 3 and Supplementary Table 2a). We 
examined the regional variation in burst firing of SN DA neurons and 
found that K-ATP channels were essential only for in vivo burst firing 
of DA neurons in the m-SN (Fig. 2f). These m-SN DA neurons mainly 
project to the dorsomedial striatum (DMS), whereas those of the l-SN 
project to the dorsolateral striatum, as revealed by tracing of striatal 
subregions (n = 10 injections, data not shown).

To identify those K-ATP channels relevant for m-SN DA bursting, 
we considered not only postsynaptic K-ATP channels on DA neu-
rons14, but also K-ATP channels present in nondopaminergic (nonDA) 
neurons20. As K-ATP channel–expressing GABA SN reticulata (SNr) 
neurons20 constitute one important component for the synaptic con-
trol of in vivo burst firing in SN DA neurons8, we recorded from these 
cells in anesthetized Kir6.2−/− and wild-type mice. Firing rates and 
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Figure 1 In vivo firing characteristics and differences of burst properties of identified DA neurons in the SN and VTA. (a) Left, in vivo single-unit 
recording of spontaneous activity of l-SN DA neuron and schematic spike train representation. Burst discharges as defined by 80/160-ms criterion17 are 
highlighted by green bars. Top right, corresponding interspike interval (ISI) histogram for >10 min of continuous activity. Inset, extracellularly recorded 
triphasic action potential47 (averaged waveform). The bursty-oscillatory pattern was reflected in the bimodal ISI histogram and by the prominent initial 
peak in the ACH (bottom right; gray lines indicate raw data and the black line represents the smoothed ACH fit; the green line is the GLO model fit; 
Supplementary Note). Bottom row, single-cell labeling, multi-immunofluorescence and confocal microscopy verified the DA phenotype and anatomical 
position of the recorded neuron in l-SN (dorsal tier, vertical line separates l-SN and m-SN). Shown is a neurobiotin-filled cell (green) expressing tyrosine 
hydroxylase (TH, blue). (b,c) In vivo single-unit recording of a neurobiotin-filled m-SN DA neuron with a bursty-irregular firing mode (b) and of a lateral 
VTA DA neuron with single spike-irregular mode (c). Data are presented as in a. (d) Mean firing frequencies for identified VTA, m-SN and l-SN DA 
neurons. (e) Relative distributions of four firing patterns (Supplementary Fig. 1) defined by ACH- and GLO-based classification. (f) Percentage of spikes 
fired in bursts. (g) Distinct region-selective burst properties. Bursts lasted longer in l-SN than m-SN and intraburst frequencies were faster in VTA DA 
neurons. *P < 0.05. For detailed in vivo properties and neurochemical subtypes, see Supplementary Table 1 and Supplementary Figure 1. Data are 
presented as mean ± s.e.m.; n is the number of identified neurons (d,f,g).

np
g

©
 2

01
2 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



1274	 VOLUME 15 | NUMBER 9 | SEPTEMBER 2012 nature neurOSCIenCe

a r t I C l e S

patterns of electrophysiologically identified SNr neurons were not 
affected by the lack of K-ATP channels (Supplementary Table 2b). 
Juxtacellular labeling of a subset of these SNr neurons confirmed their 
nonDA phenotype (n = 8 of 28 neurons, N = 13 mice, data not shown). 
We next addressed the issue of whether postsynaptic K-ATP channels 
in m-SN DA neurons are necessary for bursting in vitro and in vivo.

We tested whether pharmacological activation of K-ATP chan-
nels was sufficient to induce in vitro bursting in synaptically isolated  
m-SN DA neurons in the presence of NMDA. We used cell-attached 
recordings to maintain the metabolic integrity and avoid nonphysio-
logical K-ATP channel activation. Pharmacological activation of  
K-ATP channels alone by the SUR1-selective agonist NN414 (10 µM)21  
reduced the rate of spontaneous firing of SN DA neurons in brain 
slices (Supplementary Fig. 4b). However, in the presence of 30 µM 
NMDA (Fig. 3a), NN414-mediated K-ATP activation was sufficient 
to trigger burst-like discharges in m-SN DA neurons in wild-type 
mice. In contrast, 30 µM NMDA + NN414 failed to induce bursting 
in m-SN DA neurons in Kir6.2−/− mice (Fig. 3b–e). Furthermore, we 
found that, in the presence of 30 µM NMDA, bursting was acutely 
switched on by co-application of 10 µM NN414 (~sevenfold increase 
of %SFB; Supplementary Fig. 4a) and was subsequently almost com-
pletely switched off by application of 300 µM tolbutamide, a K-ATP 
channel inhibitor (Supplementary Fig. 4a). These findings indi-
cate that K-ATP channel activity is essential for NMDA-mediated 
in vitro bursting in m-SN DA neurons. Moreover, NN414-mediated 

K-ATP channel activation was sufficient to enhance the maximal  
firing rates of m-SN DA neurons induced by somatic current injection 
(Fig. 4a). In contrast, maximal firing rates in Kir6.2−/− or in wild-type 
mice in the presence of 300 µM tolbutamide remained below the  
in vivo intraburst frequencies (Fig. 4b–d). These data suggest that 
the functional consequences of K-ATP channel activation are con-
text dependent, either slowing down spontaneous discharge or, in the 
presence of NMDA, increasing bursting.

Selective silencing of K-ATP channels in SN DA neurons
We next asked whether K-ATP channel activity in m-SN DA neurons 
is also necessary for their spontaneous bursting in vivo. We estab-
lished a strategy for virally mediated (recombinant adeno-associated 
virus, serotype 2; rAAV2) cell-selective expression of dominant-
negative or wild-type Kir6.2 subunits (Kir6.2_DN and Kir6.2_WT, 
respectively) and enhanced GFP (eGFP) controls in SN DA neurons 
in adult wild-type mice. First, we determined the rAAV2 titer and vol-
ume that, when infused into the midbrain, led to a cell type–selective  
transduction of DA neurons (89%, 408 of 459 transduced cells 
expressed tyrosine hydroxylase and hemagglutinin (HA), N = 3 mice) 
in a SN-selective manner (Fig. 5a–d and Supplementary Fig. 5a).  
In vivo electrophysiology revealed that eGFP expression alone induced 
significant changes (P = 0.038) in burst firing, which precluded its use 
as a control (Supplementary Fig. 5b). We therefore used an HA-tag 
added to Kir6.2_DN or Kir6.2_WT constructs for expression control. 
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To rule out potential confounds, we carefully tested for the expres-
sion of virally coded proteins by neurons in ten brain areas that give 
rise to afferent projections to SN DA cells (Supplementary Fig. 6a).  
We also tested for the presence of viral proteins in axon terminals in close 
apposition to m-SN DA neurons (Supplementary Fig. 6b). We found 
no evidence for the presence of HA-tagged Kir6.2_DN in nine of ten 
input areas, with the exception of the SNr, in which just a few tyrosine 
hydroxylase–negative, HA-positive cells were observed (n = ~30 SNr  
nonDA HA-positive neurons per mouse, N = 2 mice; n = ~4,100 SNc 
DA HA-positive neurons per mouse, N = 3 mice). In addition, less 
than 1.5% of all of the GABAergic and glutamatergic axon terminals 
apposed to m-SN DA neurons expressed HA (Supplementary Fig. 6b).  
Thus, Kir6.2_DN transgene expression by nonDA neurons was lim-
ited to the SNc, which accounted for about 9% of transduced cells. 
We carried out standard in vitro whole-cell and on-cell recordings of 
these fast-firing nonDA SNc neurons (10–15 Hz) to probe for func-
tional K-ATP channels. These neurons showed no K-ATP washout  
currents or rate changes in response to the SUR1-selective K-ATP 
channel opener NN414 (Supplementary Fig. 4b), indicating the 
absence of K-ATP channels in these putative GABAergic neurons13. 
Our control experiments strongly argue against any substantial  

contributions from extrinsic afferents or local network inputs after 
viral delivery of dominant-negative Kir6.2 subunits.

We then studied functional K-ATP channels in SN DA neurons, 
transduced with either HA-tagged Kir6.2_WT or Kir6.2_DN subunits, 
using whole-cell patch-clamp recordings in brain slices. Maximal  
K-ATP channel activation was achieved by dialysis with ATP-free 
pipette solutions. As previously described, no K-ATP washout cur-
rents were observed in SN DA neurons in Kir6.2−/− mice14. Expression 
of Kir6.2_DN also led to a complete silencing of K-ATP channels 
in SN DA neurons 2 weeks after in vivo transduction. In contrast, 
transduction with Kir6.2_WT did not affect the maximal washout 
currents (Fig. 5e), consistent with Kir6.2 subunits having an endo-
plasmic reticulum retention motif22.

We then combined rAAV2-based K-ATP channel silencing with 
recording and juxtacellular labeling of individual DA neurons in anes-
thetized mice to define the electrophysiological phenotype of identified, 
virally transduced DA neurons in vivo (n = 30 neurons, N = 18 mice). 
Expression of the dominant-negative Kir6.2 subunits, but not of wild-
type Kir6.2 subunits, reduced burst firing in m-SN DA neurons (%SFB: 
Kir6.2_WT, 22.1 ± 4.0, n = 9 identified neurons; Kir6.2_DN, 9.1 ± 3.8, 
n = 8; P = 0.033, unpaired t test; Fig. 6 and Supplementary Table 3) 
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Figure 3 Co-activation of K-ATP channels and NMDA  
receptors is sufficient to induce bursting in vitro.  
(a) In vitro cell-attached recording (voltage clamp),  
raster plot and ACH of synaptically isolated wild-type  
m-SN DA neuron. Co-application of NMDA and  
NN414 (K-ATP–channel opener) enhanced spike  
rate and induced pacemaker-burst switch with  
80/160-ms bursts (green bars). Whole-cell recording  
of same cell (current clamp) to monitor subthreshold  
membrane potentials. Note bursts on depolarizing  
waves separated by hyperpolarizations. Inset, burst  
in higher temporal resolution. (b) In vitro cell- 
attached recording of a Kir6.2−/− m-SN DA neuron  
(presented as in a). Co-application of NMDA and  
NN414 increased firing rate but not bursting. Note continuous single-spike oscillatory firing, in both on-cell and whole-cell recording of same cell. Brain 
atlas shows rostromedial SN (blue), where all in vitro recordings were performed. (c) Mean firing frequencies for m-SN DA neurons in wild type and Kir6.2−/−. 
NMDA and NN414 significantly enhanced in vitro frequencies (wild type, 2.4 ± 0.2 and 7.7 ± 0.3 Hz, P < 0.0001, t = 17.83, n = 8 recorded cells, N = 8 
animals; Kir6.2−/−, 2.1 ± 0.3 and 6.1 ± 0.2 Hz, P < 0.0001, t = 8.72; in c,d, n = 8, N = 8; paired t tests, mean ± s.e.m.). ***P < 0.001. (d) %SFB was 
significantly increased after NMDA + NN414 in wild type (1.1 ± 0.4 and 54.5 ± 9.9%, P = 0.001, t = 5.29), but not in Kir6.2−/− (1.1 ± 0.6 and 6.4 ± 
3.9%, P = 0.24, t = 1.29) m-SN DA cells. See Supplementary Figure 4a for reversible pharmacological induction of K-ATP–gated bursting. (e) K-ATP and 
NMDA receptor co-activation–mediated bursting in wild-type m-SN DA neurons was confirmed by respective changes in ACH-based classifications. Pattern 
distributions differed significantly for wild type (P < 0.001, χ2 = 16), but not Kir6.2−/− (P = 0.2, χ2 = 3.69; Pearson’s Chi-squared test).
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to a degree similar to that seen for these neurons recorded in Kir6.2−/− 
mice. Consequently, m-SN DA neurons expressing Kir6.2_DN, but not 
those expressing Kir6.2_WT, tended to be locked in a regular single-
spike firing mode, which was confirmed by ACH- and GLO-based 
classification (Fig. 6c). Moreover, the action potential waveforms of 
m-SN DA neurons expressing Kir6.2_DN showed a delayed repolariza-
tion phase as compared with that of neurons expressing Kir6.2_WT  
(Fig. 6d). These changes in firing pattern and action potential  

repolarization were not found in identified l-SN DA neurons express-
ing Kir6.2_DN (data not shown), suggesting a selective in vivo effect of 
virally mediated K-ATP channel silencing on m-SN DA neurons.

K-ATP channels enable novelty-dependent behavior
The degree of in vivo baseline bursting of DA neurons under isoflurane 
anesthesia that we observed is similar to that seen in awake rodents 
and primates23,24. We therefore reasoned that K-ATP channel–gated 
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burst firing in m-SN DA neurons might be functionally relevant in 
awake, freely moving mice. To explore the behavioral consequences of 
SN DA neuron subtype-selective K-ATP channel silencing, we tested 
spontaneous open field behavior of mice with bilateral K-ATP channel 
silencing across the whole SN (medial and lateral) or in only the l-SN. 
For reference, we also studied wild-type and Kir6.2−/− mice.

We identified a selective reduction of initial locomotor activation in 
Kir6.2−/− mice compared with wild-type controls in a novel open field 
(open field day 1; Fig. 7a). This difference in initial locomotion was not 
observed in consecutive open field sessions (data not shown), indicat-
ing a novelty-selective phenotype, which is consistent with our previous 
behavioral characterization of Kir6.2−/− mice25. In addition, rearing 
frequencies were significantly smaller (P < 0.0001) in Kir6.2−/− mice 
than in wild-type mice throughout the entire testing period (Fig. 7b).  
These results, which were twice replicated in additional Kir6.2−/− and 
wild-type mouse cohorts (data not shown), indicate a novelty-dependent  
deficit in initiation of exploratory behavior in global K-ATP knockout 
mice. Virally mediated silencing of K-ATP channels in DA neurons 
across the whole SN (Kir6.2_DN m+l-SN) phenocopied the selective 
deficit in novelty-induced locomotor activation and reduction in rear-
ing frequencies (Fig. 7c–e). In contrast, silencing of K-ATP channels 
only in neurons of the l-SN had no significant effects on locomotion 
(P = 0.92, t = 0.1, F = 2.04) and rearing (P = 0.61, t = 0.51, F = 1.09; 
unpaired t tests) compared with wild-type mice. We found no changes 
in center avoidance between Kir6.2_DN l-SN– and m+l-SN–injected 
mice, suggesting that K-ATP channels in SN DA neurons were not 
involved in anxiety-mediated behavioral inhibition (data not shown).

These results indicate that K-ATP channel signaling in m-SN, but 
not l-SN, DA neurons is necessary for wild-type–like exploratory 
behavior. Taken together, these in vivo and in vitro findings suggest 

that K-ATP channel-gated bursting in m-SN DA neurons is crucial 
for context-dependent exploratory behavior.

K-ATP channels and Parkinson’s disease
The burst-promoting in vivo function of active K-ATP channels in SN 
DA neurons might also be relevant in Parkinson’s disease. Thus, we first 
studied the expression of K-ATP channel subunits in human SN DA  
neurons in post mortem tissue from Parkinson’s disease patients and  
control subjects. We used our established ultraviolet laser-microdissection  
(UV-LMD) and quantitative mRNA expression profiling techniques for 
remaining DA neurons26, which are mainly found in the medial aspects 
of the SN (identified by the presence of neuromelanin; Fig. 8a).

We examined the mRNA expression of the K-ATP channel sub-
units Kir6.2, SUR1 and SUR2. We also profiled the expression of the  
calcium-binding protein calbindin and the NMDA receptor subunit 
NR1, which are both involved in SN DA neuron burst activity (Fig. 3 
and Supplementary Fig. 1) and have been implicated in Parkinson’s 
disease pathophysiology. We found a significant increase of calbindin 
expression (approximately sixfold, P < 0.001) and a significant increase 
of NR1 expression (approximately tenfold, P < 0.001) in surviving SN 
DA neurons from Parkinson’s disease brains compared with neurons 
from controls. In addition, we detected significantly higher mRNA 
levels (approximately twofold, P < 0.05) of the regulatory K-ATP chan-
nel subunit SUR1 in SN DA neurons from Parkinson’s disease patients 
compared with neurons from controls. In contrast, mRNA expression 
of SUR2 and the pore-forming subunit Kir6.2 were not altered (Fig. 8b 
and Supplementary Table 4a). These results suggest that the K-ATP 
channel subunit SUR1 is selectively transcriptionally upregulated in 
human SN DA neurons in Parkinson’s disease, which might be con-
sistent with increased burst firing. To directly assess this possibility,  
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Figure 6 Cell-selective silencing of K-ATP 
channels in SN DA neurons using virally mediated 
gene transfer is sufficient to prevent burst firing 
in m-SN neurons. (a) In vivo single-unit activity 
of a m-SN DA neuron transduced with rAAV2 
constructs expressing wild-type Kir6.2 subunits 
(Kir6.2_WT). Similar to m-SN DA wild-type cells 
(Figs. 1b and 2a), it fired in a bursty pattern as 
shown in raw trace, raster plot, ISI histogram 
(inset, single action potential) and ACH with 
GLO-model fit. Neurobiotin-labeling (green) 
of the recorded neuron identified transduction 
with HA-tagged Kir6.2_WT constructs (white) 
and coexpression of tyrosine hydroxylase (blue). 
(b) Selective silencing of postsynaptic K-ATP 
channels by expression of Kir6.2_DN in m-SN 
DA neurons prevented burst firing. Data are 
presented as in a. The neurobiotin-filled  
neuron coexpressed HA-tagged Kir6.2_DN  
and tyrosine hydroxylase and was located in  
the m-SN. Although mean firing frequencies  
were similar, the percentage of spikes fired in 
bursts was significantly reduced (2.4-fold,  
P = 0.033) in Kir6.2_DN compared with  
Kir6.2_WT (see Supplementary Table 3).  
(c) Decrease of burst activity in Kir6.2_DN m-SN 
DA neurons compared with Kir6.2_WT. ACH- 
and GLO-based pattern classification differed 
significantly between dominant negative and 
wild type (ACH, P = 0.041; GLO, P = 0.053). 
Data are presented as mean ± s.e.m. (n, number 
of identified neurons, see Supplementary Table 3). *P < 0.05. (d) Overlaid plot of mean average spike shapes of m-SN neurons expressing Kir6.2_WT 
(blue, s.e.m.) and Kir6.2_DN (green, s.e.m.). Note the prolonged action potential duration in Kir6.2_DN compared with Kir6.2_WT. For comparison, spike 
durations from wild-type and Kir6.2−/− mice are plotted (gray; P = 0.016, F = 2.6, one-way ANOVA with Bonferroni post test, **P < 0.01).
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we analyzed firing rates and patterns of viable human SN DA neurons 
in vivo, intra-operatively recorded from Parkinson’s disease patients27. 
In the absence of genuine control data from healthy human subjects, 
electrophysiological recordings of identified SN DA neurons in anes-
thetized rodents and of putative DA neurons in awake nonhuman 
primates must suffice for a comparative analysis. Compared with our 
recordings from mice, awake rodents24 and monkeys23, human SN DA 
neurons from Parkinson’s disease patients (n = 13 cells, N = 10 subjects) 
showed no difference in mean rates, but displayed twofold higher burst 
firing (Fig. 8c–e and Supplementary Table 4c). The ACH- and GLO-
pattern analyses confirmed the dominance of burst activity in surviv-
ing SN DA neurons recorded in Parkinson’s disease patients (Fig. 8f). 
In summary and in the context of our mouse experiments, our single-
cell molecular and electrophysiological data from humans suggest that 
increased K-ATP channel–gated burst firing might contribute to the 
phenotype of surviving SN DA neurons in Parkinson’s disease.

DISCUSSION
K-ATP channels in m-SN DA neurons gate burst firing
K-ATP channels are widely expressed in excitable tissues, where, in 
most cases, they act as metabolically controlled excitation brakes 
by matching excitability to cellular energy states28. In contrast with 
this conventional role, we found that K-ATP channels in m-SN DA 
neurons in vivo act as cell type–selective gates for excitatory burst 
firing. This burst-promoting role of K-ATP channels is not unprec-
edented, as their opening facilitates burst-like discharges in pancreatic  
β-cells11,12. Thus, K-ATP channels complement established mecha-
nisms in burst control for DA neurons. Recent studies employing  
DA-selective knockout mice confirmed that NMDA receptors are 
important for bursting7,29. Consistent with previous in vitro studies30,31, 

NMDA receptor stimulation also led to robust bursting in m-SN DA 
neurons, but only when K-ATP channels were co-activated. In addition  
to NMDA receptors, molecular and pharmacological studies have 
suggested that GABAergic disinhibition is important for gating of  
in vivo bursting and phasic signaling in DA neurons8,32. Furthermore, 
bursting is also facilitated by nicotinic acetylcholine receptors33, 
mGluRs34 and inhibition of SK channels in DA neurons35. Notably, 
our carefully controlled cell-selective silencing of K-ATP channels in 
SN DA neurons revealed no evidence that pre- or postsynaptic K-ATP 
channels contribute to bursting in any of the main afferent projection 
areas, axon terminals or in local nonDA neurons.

Although pharmacological co-activation of NMDA receptors 
and K-ATP channels induced robust bursting in vitro in m-SN DA  
neurons, indicating that their interaction in vivo might also be suf-
ficient to generate bursting, an important difference remains. Under 
in vitro conditions, K-ATP channels in intact DA neurons were not 
sufficiently activated to induce the switch to bursting in the presence 
of NMDA. This implies that K-ATP channels in vivo possess a higher 
open probability as a result of yet unidentified metabolic or other 
upstream mechanisms. There are various metabolic signals operative  
in vivo in the DA midbrain system, such as leptin36 or ghrelin37, that 
might enhance K-ATP channel gating in m-SN DA neurons suffi-
ciently to be engaged in bursting and thereby influence dopamine-
dependent behavior. However, the detailed analysis of synaptic and 
metabolic mechanisms that control K-ATP channel–gated bursting in 
SN DA neurons will need to be addressed in future studies.

K-ATP channels control novelty-induced exploration
Our data indicate that K-ATP channel–gated bursting occurs selec-
tively in m-SN DA neurons that project to the DMS, where tonic and 

Figure 7 K-ATP channels in m-SN DA neurons 
are necessary for novelty-dependent exploratory 
behavior. (a) Locomotion in novel open field 
(track length per min). Note the decreased 
locomotion (minutes 1–2) in Kir6.2−/− (856 
± 141 cm, N = 17 mice) compared with the 
increased locomotion in wild type (1,230 ± 45 cm,  
N = 20, P = 0.011, t = 2.69, F = 8.26).  
In contrast, no significant difference in cumulative  
locomotion was observed in minutes 3–20  
(P = 0.27, t = 1.12, F = 7.4). All data given as 
mean ± s.e.m. and analyzed with unpaired  
t tests. *P < 0.05. (b) Rearings in the novel  
open field (n per minute). The numbers of 
rearings were significantly smaller in Kir6.2−/− 
(201 ± 15) than in wild type (290 ± 9,  
P < 0.0001, t = 5.16, F = 2.42). ***P < 0.001. 
(c) Immunohistochemical confirmation of SN-
selective bilateral transduction of DA neurons 
in mice for open field testing (13–14 d after 
injection). HA-tagged Kir6.2_DN viral constructs 
(white) were expressed in most SN tyrosine 
hydroxylase–positive cells (blue). Expression was 
either targeted at the entire SN (m+l-SN, left) or 
restricted to l-SN (control, right). (d) Locomotion 
in novel open field using mice with bilateral 
K-ATP channel silencing across the whole SN 
or in just the l-SN. Note the absence of initially 
increased locomotion in Kir6.2_DN m+l-SN mice 
(minute 1–2, 934 ± 70 cm, N = 7 virus-injected 
mice) compared with l-SN controls (1,240 ± 
118 cm, N = 6, P = 0.042, t = 2.3, F = 2.44). Significant difference in cumulative locomotion was also observed for minute 3–20 (P = 0.046, t = 2.26, 
F = 1.5). (e) Rearings in novel open field of mice where the entire or only l-SN was transduced with Kir6.2_DN. The numbers of rearings were significantly 
smaller in Kir6.2_DN m+l-SN (minute 1–20, 201 ± 12, N = 7) than in l-SN (280 ± 17, N = 6, P = 0.0028, t = 3.83, F = 1.76). **P < 0.01.
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phasic DA release controls a corticostriatal circuit involved in cognitive 
functions and goal-directed behavioral activation1,2,38. Recent evidence 
identified burst firing of DA neurons as creating a striatal dopamine  
receptor 1–dependent Go signal for locomotor activation and self-paced 
action sequences6,39. Accordingly, we found that cell-selective K-ATP 
channel function in m-SN DA neurons was necessary for the initiation of 
novelty-dependent exploratory behavior. Selective depletion experiments 
in the DMS revealed that DA release in this striatal region is important 
for responding to contextual changes in goal-directed behavioral strate-
gies40. This is consistent with the strong input to DMS from the entorhi-
nal cortex41, which reads out a hippocampal spatial novelty signal42.

Human imaging studies have also shown that novelty leads to a 
strong activation of the VTA and SN region43, particularly in the 
rostromedial part, which selectively responds to novel, but not 
reward-predicting, stimuli5. The rostromedial localization of the  
novelty-selective region in the human midbrain is consistent with our 
findings that m-SN DA neurons are important for novelty-induced 
exploration in the mouse. In conclusion, our data are consistent with 
a selective behavioral function of K-ATP channel–gated bursting in 
m-SN DA neurons as an essential trigger for DA-dependent initiation 
of exploratory behavior, either in response to contextual changes or 
as a constant bias in explore-exploit conflicts.

K-ATP channels and Parkinson’s disease
Our expression data and functional recordings from human SN DA 
neurons revealed elevated expression of K-ATP channel and NMDA 

receptor subunits in Parkinson’s disease as well as high burst firing. 
These findings are consistent with an increased number of functional 
K-ATP channels that, in concert with concomitantly enhanced NMDA 
receptor function, facilitate burst firing and might reflect a com-
pensatory upregulation to maintain striatal DA levels. Alternatively,  
m-SN DA neurons might already be disturbed during an early stage 
of Parkinson’s disease, consistent with results documenting reduced 
novelty seeking, reduced exploratory excitability and choice perse-
veration in Parkinson’s disease patients44,45.

In addition, enhanced K-ATP channel–dependent bursting in 
DA neurons in Parkinson’s disease might also have implications for 
the neurodegenerative process itself. K-ATP channel–gated in vivo 
burst firing in already metabolically challenged SN DA neurons could 
promote excitotoxicity and increased calcium loading synergistically 
with NMDA receptors and L-type Ca2+ channels15, whereas defects in 
PARK genes and environmental factors further reduce mitochondrial 
calcium buffering capacities and accelerate calcium-triggered reac-
tive oxygen species production46. Mitochondria-generated reactive 
oxygen species in turn activate K-ATP channels in highly vulnerable 
SN DA neurons14 and could lead to a vicious spiral of metabolically 
amplified, burst-triggered excitotoxicity and calcium overload. This 
positive feedback might lock SN DA neurons in a highly stressful 
bursting state in vivo, potentially accelerating their degeneration. 
Consequently, our data might suggest that stabilizing an in vivo single-
spike mode by K-ATP channel modulation results in neuroprotection 
for SN DA neurons.
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Figure 8 Increased mRNA levels of the K-ATP 
channel subunit SUR1 and high burst firing in 
SN DA neurons from Parkinson’s disease patients.  
(a) Neuromelanin-positive SN neurons isolated 
via laser microdissection from cresyl violet–
stained cryosections of human post mortem 
midbrain tissue (left). Individual neurons in 
control (middle) and Parkinson’s disease brain 
tissue (PD, right) before and after UV-LMD. 
(b) Selective transcriptional dysregulation 
of the K-ATP channel subunit SUR1 in SN 
DA neurons from human Parkinson’s disease 
midbrains. Cell-specific average mRNA levels 
of SUR1, calbindin and NR1 were significantly 
increased in Parkinson’s disease compared with 
control. mRNA levels of Kir6.2 or SUR2 were 
not different. *P < 0.05, ***P < 0.001. Data 
are presented as mean ± s.e.m. (N = number of 
brains, see Supplementary Table 4a). (c) Firing 
activity of a putative SN DA neuron recorded 
in a Parkinson’s disease patient presented as 
raster plot, ACH and ISI histogram. (d) Mean 
frequency and coefficient of variation of putative 
DA neurons recorded from Parkinson’s disease 
patients are plotted in comparison to SN DA 
neurons (n = 32, Fig. 1), awake rats24 (dark 
gray, dashed line) and awake monkeys23 (gray, 
dashed line). Mean frequencies were similar, 
but there was higher irregularity in neurons from 
Parkinson’s disease patients. Bars represent 
mean ± s.e.m. (n, number of single units).  
(e) High burst firing in human SN DA neurons of 
Parkinson’s disease patients. %SFB was 2.4-fold 
higher in Parkinson’s disease patients compared 
to rodents. (f) Dominance of bursty-oscillatory 
firing pattern in human Parkinson’s disease SN 
DA neurons revealed by ACH- and GLO-based 
classification (see Supplementary Table 4b).
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METhODS
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METhODS
Animals. Experiments were performed on adult (10–16 weeks old) male C57bl6N 
and Kir6.2−/− (backcrossed into C57bl6 mice14) mice housed in groups on a 12-h 
light-dark cycle. Procedures approved by the Regierungspräsidium Gieβen and 
Darmstadt (V54-19c20/15-F28/07, -F40/28).

extracellular in vivo single-unit recordings. For in vivo electrophysiology, mice 
(0.1 mg per kg of body weight atropine, 1 g per kg glucose in H2O, subcutaneous 
before recording) were anesthetized with isoflurane (0.8–1.4% in O2, 0.35 l min−1;  
lidocaine gel for local analgesia) and placed in a stereotaxic frame (Kopf). Rectal 
temperature (33–36 °C), heart rate (5–7 Hz), respiration (1–2 Hz) and electro-
corticograms were constantly monitored. Electrocorticograms recordings with 
1-mm stainless steel screw above left cortex (x, 1.2 mm lateral; y, 2.1 mm ante-
rior of bregma) referred to screw above ipsilateral cerebellum (x, 1.2; y, −5.5 to  
−6.5 mm)49.

Craniotomies and recording depth were at the following coordinates48 (lateral (x),  
posterior (y), ventral (z) to bregma, in mm): m-SN (0.8, −3.08, 3.7–4.4), l-SN 
(1.2, −3.08, 3.7–4.2) and VTA (0.1–0.4, −3.6, 3.5–4.3). y coordinates adjusted to 
skull size (in mm, y = −3.08/4.2*distance(bregma − lambda) + 0.2). Electrodes 
were moved using a micromanipulator (SM-6, Luigs and Neumann). Single-
units recorded for >10 min using glass microelectrodes (resistance 15-25MΩ; 
Harvard Apparatus) filled with 0.5 M NaCl, 10 mM HEPES and 1.5% neurobi-
otin (wt/vol) (Vector Laboratories). Signals were amplified 1,000× (ELC-03M, 
NPI Electronics), notch and band-pass filtered 50Hz-5kHz (single-pole, 6 dB 
per octave, DPA-2FS, NPI Electronics), acquired with a EPC-10 A/D converter 
(PatchMaster software, Heka; sampling rate 12.5 kHz for spike trains, 20 kHz 
for action potential waveforms), and displayed on an analog oscilloscope and 
audiomonitor. DA neurons were electrophysiologically identified by broad 
triphasic action potentials (≥1.1 ms)47 with single spike-oscillatory/irregular or 
bursty-oscillatory/irregular spontaneous spiking (frequency range of 0.5–10 Hz,  
classical 80/160-ms criterion for burst detection17. Data were analyzed with 
IgorPro6.02 (WaveMetrics), Spike2 (6.11, Cambridge Electronic Design), R sta-
tistical computing (http://www.r-project.org/), CVI5.01 (National Instruments) 
and NeuroExplorer4 (Nex Technologies) software.

Juxtacellular labeling and immunohistochemical characterization of recorded 
neurons. After in vivo recording, single neurons were labeled with neurobiotin 
using the juxtacellular technique50. Positive current pulses (1–10 nA, 200 ms 
on/off pulses) were applied with continuous monitoring of activity. Labeling 
was successful if modulation of activity was stable for >25–300 s and discharges 
continued after modulation. Single-cell labeling allowed to map localization of 
recorded neurons in DA subnuclei and to identify their neurochemical phenotype 
using tyrosine hydroxylase and calbindin-D28K immunostaining.

multi-labeling immunocytochemistry and confocal analyses. Anesthetized 
animals (sodium pentobarbital, 1.6 g per kg) were transcardially perfused with 
4% paraformaldehyde (wt/vol) and 15% picric acid (vol/vol) in phosphate-
buffered saline (PBS, pH 7.4). Brains were post-fixed overnight and coronal 
midbrain sections (60 µm) were prepared. Sections were incubated in blocking 
solution (0.01 M PBS, 10% horse serum (vol/vol), 0.5% Triton X-100 (vol/vol), 
0.2% BSA (vol/vol)). For primary antibodies, we used polyclonal rabbit antibody 
to tyrosine hydroxylase (catalog no. 657012,1:1,000, Calbiochem), monoclonal 
mouse antibody to calbindin-D28K (1:750, catalog no. 300, Swant), mono-
clonal mouse antibody to GABA (1:500, catalog no. A0310, Sigma) and mono-
clonal mouse antibody to HA.11 (1:1,000, clone 16B12, Covance), diluted in 
carrier solution (0.01 M PBS, 1% horse serum, 0.5% Triton X-100, 0.2% BSA, 
22 °C, overnight). We used streptavidin-488 (catalog no. S11223) or streptavi-
din-568 (catalog no. S11226), 1:1,000, Molecular Probes), and AlexaFluor-568 
(catalog no. A-11036) or AlexaFluor-647 goat antibodies to rabbit (catalog no. 
A-21245) and AlexaFluor-488 (catalog no. A-11001), AlexaFluor-568 (cata-
log no. A-11004) or AlexaFluor-647 goat antibodies to mouse (catalog no.  
A-21236, all 1:750, Molecular Probes) as secondary antibodies (in carrier solu-
tion, 22 °C, overnight). Sections were mounted on slides (Vectashield, Vector). 
For confocal analyses, multi-labeling fluorescent immunostaining of juxtacel-
lularly filled neurons were analyzed with a laser-scanning microscope (LSM510 
Meta, Zeitz) using either a 10×/0.3 or 63×/1.4 oil lens (2× zoom). Identical confo-
cal settings were chosen for all scanned neurons. 3,3′-diaminobenzidine staining 

was carried out using biotinylated goat antibody to rabbit as a secondary antibody 
(catalog no. BA-1000, 1:1,000) and the Vectastain ABC kit, sections were mounted 
on slides (Vectamount, Vector) and documented with light microscopy.

AcH-based classification of firing patterns. Autocorrelation histograms 
were plotted using R (1-ms bins, smoothed with Gaussian filter (20 ms)).  
We used established criteria for classification of in vivo firing patterns based on 
visual inspection of autocorrelograms18: single spike-oscillatory (≥3 equidistant 
peaks with decreasing amplitudes), single spike-irregular (<3 peaks, increasing 
from zero approximating a steady state), bursty-irregular (narrow peak with 
steep increase at short ISIs) and bursty-oscillatory (narrow peak reflecting fast 
intraburst ISIs followed by clear trough and repetitive broader peaks)51. For GLO-
based classification of firing patterns see ref. 19 and Supplementary note.

Stereotaxically guided rAAV2-mediated gene expression in Sn dA neurons 
in vivo. Viral dominant-negative Kir6.2 pore-mutant (Kir6.2_DN) constructs 
carried a point mutation in the selectivity filter (Gly132Ser) that disrupts con-
ductance of K-ATP channels52. Kir6.2_DN: rAAV2-SAR-CAG-murineKir6.2_
G132S_HA-WPRE-BGH-polyA, titer of 1.3 × 1010 genomic particles per ml for 
electrophysiology and behavior experiments. Vectors expressing native Kir6.2 
subunits (Kir6.2_WT) were used as control. Kir6.2_WT: rAAV2-SAR-CAG-
murineKir6.2_WT_HA-WPRE-BGH-polyA (1.2 × 1010 genomic particles per ml).  
rAAV2 expression constructs were produced by GeneDetect. Stereotaxic opera-
tion procedures for rAAV2 injections were performed similar to in vivo record-
ings. Virus solutions (diluted in artificial cerebrospinal fluid (ACSF), Harvard 
Apparatus) were infused bilaterally into the SN at medial (in mm: x, 0.8; y, −3.03; 
z, 4.0; 1.8 µl) and/or a lateral (x, 1.4; y, −3.18; z, 3.7; 1.1 µl, 100 nl min−1) sites 
using a micro-pump (UMP3-1, WPI). Although selective injections into the l-SN 
did not spread into more medial regions, selective injections into m-SN showed 
transduction in l-SN. Thus, selective targeting of only the m-SN was not possible. 
Behavior was tested on post-operative days 13–14 and in vitro or in vivo record-
ings were carried out on days 14–15.

Immunohistochemical verification of rAAV2-mediated transgene expression 
and identification of transduced, electrophysiologically recorded neurons was 
performed as described above (mouse antibody to HA.11). For quantification of 
transduction efficiency and selectivity, tyrosine hydroxylase– and HA-immuno-
positive neurons were counted using confocal images (40×/1.3 oil objective, 
LSM510 Meta, Zeitz) throughout the medial-lateral and rostral-caudal extent 
of SN and VTA (N = 6 mice).

We probed for synaptic uptake and retrograde transport of rAAV2 con-
structs53,54 (Supplementary Fig. 6). Coronal sections (100 µm) of brains injected 
unilaterally with Kir6.2_DN (right m-SN/l-SN, non-injected site as control, N = 3  
mice) were prepared. Sections were processed for tyrosine hydroxylase and HA 
immunohistochemistry and counterstained using nissl red 530 nm (Invitrogen, 
Life Technologies; 1:1,000 in PBS, incubated for 20 min, rinsed in PBS for >2 h 
and mounted on slides).

To test anterograde transport of Kir6.2_DN back to synaptic terminals on SN 
DA neurons, we combined stereotaxic Kir6.2_DN injections with multiple immun-
ofluorescent labeling of synaptic terminals (as above, with 10% and 1% goat instead 
of horse serum). To investigate co-localization of HA-tagged viral transgene with 
synapse marker proteins in terminals on tyrosine hydroxylase and HA double-posi-
tive SN DA neurons, we used the following polyclonal primary antibodies: rabbit 
antibody to synapsin1 (catalog no. 106 103), guinea pig antibody to vesicular GABA 
transporter (VGAT, catalog no. 131 004), guinea pig antibody to vesicular glutamate 
transporter 1 (VGLUT1, catalog no. 135 304), guinea pig antibody to vesicular gluta-
mate transporter 2 (VGLUT2, catalog no. 135 404, all 1:1,000, SynapticSystems), 
rabbit antibody to tyrosine hydroxylase (1:1,000; catalog no. 657012, Calbiochem) 
and monoclonal mouse antibody to HA.11 (1:1,000; clone 16B12, Covance). These 
were combined with highly cross-absorbed secondary antibodies: AlexaFluor-568 
goat antibody to guinea pig (catalog no. A-11075), AlexaFluor-647 goat antibody 
to rabbit (catalog no. A-21450), AlexaFluor-488 goat antibody to mouse (cata-
log no. A-11073, all 1:750, Molecular Probes). Control experiments to test anti-
body specificity of Synapsin1, VGAT, VGLUT1 and VLGUT2 included omission 
of primary antibodies and pre-absorption with corresponding control peptides 
(SynapticSystems, all experiments used 40-µm coronal midbrain sections).

Images were taken with a confocal laser-scanning microscope (LSM510 
Meta, Zeitz; 63×/1.4 oil DIC lens (4× zoom, 56–69-µm pinhole, <0.6-µm  
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optical slice))55. Identical settings for all images, 10–15 neurons scanned per 
injection site (n = 4, N = 3 animals). VGAT-, VGLUT1- or VGLUT2-positive 
structures without spatial separation from surface of HA and tyrosine hydroxylase 
double-positive somata (scanned at plane of nucleus) were recognized as putative 
synapses (Supplementary Fig. 6b). Synaptic localization of viral HA-tag and its 
co-expression with VGAT, VGLUT1 and VGLUT2 was quantitatively analyzed.

For further control experiments (Supplementary Fig. 5), we also studied 
rAAV2 vectors without transgene expression and eGFP-expressing constructs56. 
Empty vector: rAAV2-SAR-CAG-empty/null-WPRE-BGH-polyA (1.1 × 1012 
genomic particles per ml). eGFP vector: rAAV2-SAR-CAG-eGFP-WPRE-BGH-
polyA (1.1 × 1012 genomic particles per ml, used for in vivo recordings, 6–7 d 
post infusion).

In vitro patch-clamp recordings in adult brain slices. Coronal midbrain 
slices of adult mice were sectioned (250 µm) after intracardial perfusion using  
ice-cold ACSF (50 mM sucrose, 125 mM NaCl, 2.5 mM KCl, 25 mM NaHCO3, 
1.25 mM NaH2PO4, 2.5 mM glucose, 6.2 mM MgCl2, 0.1 mM CaCl2 and 2.96 mM 
kynurenic acid (Sigma), oxygenated with 95%O2/5%CO2). Slices were transferred 
to recording chamber after ≥90 min and continuously perfused with oxygenated 
ACSF (2–4 ml min−1, 36 °C; 22.5 mM sucrose, 125 mM NaCl, 2.5 mM KCl,  
25 mM NaHCO3, 1.25 mM NaH2PO4, 2.5 mM glucose, 2.1 mM MgCl2 and 2 mM 
CaCl2; 95% O2/5% CO2). CNQX (12.5 µM; Biotrend) and gabazine (SR95531,  
4 µM; Biotrend) were added to inhibit fast excitatory and inhibitory synaptic trans-
mission, respectively. ATP washout experiments were carried out in whole-cell 
configuration using patch pipettes (3–4.5 MΩ) containing 20 mM NaCl, 140 mM  
KCl, 10 mM HEPES, 0.1 mM EGTA, 2 mM MgCl2 and 0.1% neurobiotin (pH 7.4,  
275 mOsm). K-ATP currents were elicited with a ramp protocol (−120 mV to 
−30 mV, 200 ms) from a holding potential of −50 mV. Somatic on-cell recordings 
were carried out with higher pipette resistance (8–12 MΩ; 140 mM KCl, 10 mM 
HEPES, 0.1 mM EGTA and 2 mM MgCl2). For NMDA-mediated burst induction, 
10 µM gabazine, 20 µM CNQX were used and D2 and GABA-B receptors were 
inhibited by 1 µM sulpiride (Tocris Bioscience) and 1 µM CGP55845 (Tocris), 
respectively. ACSF contained 3.5 mM KCl and 1 mM lactate. 300 µM tolbuta-
mide (Sigma), 10 µM NN414 (Axon Medchem) and 30 µM NMDA (Sigma) 
were bath applied.

SN DA neurons were visualized by video microscopy, recordings were per-
formed in voltage-clamp using an EPC-10 patch amplifier (HeKa) with a sampling 
rate of 10 kHz (low-pass filter, 5 kHz). Analyses were carried out in FitMaster 
(HeKa) and IgorPro (WaveMetrics).

Behavioral testing. Spontaneous locomotor and exploratory activity (track 
length, wall distance, time in center and number of rearings) of wild-type, 
Kir6.2−/− and virus-injected animals (handled for 2 d) were analyzed in open field 
(50 × 50 cm, center 30 × 30 cm; red illumination, 3 lx) for 20 min using a video 
tracking system (Viewer II, Biobserve; rearings were analyzed via beam breaks, 
height 4.5 cm). The open field was novel to all animals on day 1 (open field 1,  
forced novelty), and wild type and Kir6.2−/− were also tested on consecutive  
day 2. Unpaired t tests were used to compare activity in different phases (initial, 
1–2 min; steady state, 3–20 min).

UV-lmd and quantitative real-time PcR of human dA midbrain neurons 
from Parkinson’s disease patients and controls. mRNA levels were analyzed 
in pools of 15 individual neuromelanin-positive SN DA neurons from etha-
nol-fixed, cresyl violet–stained, horizontal midbrain cryosections of human  

post-mortem Parkinson’s disease and matched control brains (German 
BrainNet) via UV-LMD and quantitative reverse-transcription PCR essen-
tially as described57. RNA integrity number and pH of all brains were assessed. 
Ten neuron pools were collected for each brain. Only pools positive for tyro-
sine hydroxylase were included. mRNA levels per cell are given as picogram 
equivalents of total cDNA derived from human SN control tissue RNA (Ambion, 
Applied Biosystems), determined via quantitative real-time PCR and standard 
curve quantification. See Supplementary Table 4b for human TaqMan Assay IDs 
(Applied Biosystems, Life Technologies), human cDNA standard curve param-
eters and fluorescence thresholds for Ct and data analysis.

Analysis of putative Sn dA neurons in Parkinson’s disease patients. In vivo 
electrophysiological recordings of SN DA neurons in Parkinson’s disease patients 
undergoing deep brain stimulation surgery are taken from a published data set27 
and were reanalyzed identical to our mouse data set. On the basis of mean rate and 
stationarity, 13 of 15 of the putative SN DA neurons were selected for analysis.

Statistical analyses. Kolmogorov-Smirnov normality tests and Levene tests 
for equal variances (for confirmation of test assumptions), Student`s paired 
or unpaired t tests (two tailed), Mann-Whitney U tests (two tailed), Wilcoxon-
rank tests, one-way ANOVA (with Bonferroni post hoc tests) as annotated for 
each comparison were calculated using SPSS18.0 (PASW, IBM) or GraphPad 
Prism 5.0c software. Graphs were plotted with GraphPad. The distributions of 
electrophysiological patterns were analyzed with R statistical computing using 
a Pearson’s Chi-squared test statistic (based on 106 permutations). In the case of 
significant results, individual tests were performed using Fisher’s Exact test for 
each category, pooling the counts in the remaining categories (also, for analyses 
of overall burstiness regular-bursty and irregular-bursty patterns were pooled, 
except for data presented in Supplementary Fig. 1 and Supplementary Table 1).  
Resulting P values were compared to Bonferroni-corrected α-level.
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