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The selective degeneration of dopaminergic (DA) midbrain neurons in the substantia nigra (SN) is a hallmark of Parkinson

disease. DA neurons in the neighboring ventral tegmental area (VTA) are significantly less affected. The mechanisms for this

differential vulnerability of DA neurons are unknown. We identified selective activation of ATP-sensitive potassium (K-ATP)

channels as a potential mechanism. We show that in response to parkinsonism-inducing toxins, electrophysiological activity of

SN DA neurons, but not VTA DA neurons, is lost owing to activation of K-ATP channels. This selective K-ATP channel activation

is controlled by differences in mitochondrial uncoupling between SN and VTA DA neurons. Genetic inactivation of the K-ATP

channel pore-forming subunit Kir6.2 resulted in a selective rescue of SN but not VTA DA neurons in two mechanistically

distinct mouse models of dopaminergic degeneration, the neurotoxicological 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

(MPTP) model and the mutant weaver mouse. Thus, K-ATP channel activation has an unexpected role in promoting death of DA

neurons in chronic disease.

Differential vulnerability of neuronal populations to cell death is found
in most neurodegenerative diseases1. In Parkinson disease, this differ-
ential vulnerability is particularly notable within the clinically most
relevant population of dopaminergic (DA) midbrain neurons. Here,
highly vulnerable DA subpopulations within the substantia nigra (SN)
and their axonal projections to dorsal parts of the striatum are almost
completely lost, whereas neighboring DA subpopulations within the
ventral tegmental area (VTA) and their projections to ventral striatum
survive to a large extent2. For rare forms of familial Parkinson disease,
several causal gene mutations have been identified3,4, but as their
respective gene products are ubiquitously expressed, they alone do not
explain the selective pattern of DA cell loss. For the common sporadic
form of Parkinson disease, diverse candidate mechanisms have been
discussed, including mitochondrial dysfunction, oxidative stress and
proteasomal impairment4–6. However, as the stereotypical pattern of
differential cell loss of DA neurons is reproduced in mechanistically
distinct Parkinson disease animals models2,5,7,8, different toxic and
molecular pathways might converge on a common but still unknown
cellular mechanism for differential neuronal vulnerability3,9.

One well-described cellular stressor in Parkinson disease and its
animal models is mitochondrial dysfunction; SN neurons from Par-
kinson disease patients show reduced activity of complex I of the
mitochondrial respiratory chain6. Accordingly, the neurotoxic complex
I inhibitors rotenone and MPP+ (1-methyl-4-phenylpyridinium, the
active metabolite of MPTP)5 induce differential degeneration of DA
neurons and parkinsonism in animals9–11 as well as in humans7,12. The

relative importance of the various downstream consequences of
reduced mitochondrial complex I activity for neurodegeneration is
not fully understood; complex I inhibition might reduce mitochondrial
ATP production and in turn could compromise proteasomal activity13.
Equally important, complex I inhibition could increase production of
reactive oxygen species (ROS), which in turn elevate oxidative stress
and the load of misfolded proteins14. How these immediate biochem-
ical consequences of complex I inhibition are translated into cell-
specific pathophysiology and eventually result in differential cell death
of DA neurons is unknown.

Here, we investigated the role of a potential downstream target of
complex I inhibition, the K-ATP channel. These channels, composed of
discrete pore-forming (Kir6.1/Kir6.2) and regulatory subunits (SUR1/
SUR2), are called ‘metabolic sensors’, as their open probability depends
on the metabolic state of a cell15–17. K-ATP channels in dopaminergic
neurons have been shown to open in response to partial complex I
inhibition as well as in response to ATP depletion and increased oxida-
tive stress (ROS)18–20. Thus, cell type–specific K-ATP channel activation
would provide a convergent downstream target that could integrate
energy depletion and oxidative stress, offering a candidate mechanism
for the differential vulnerability of DA neurons in Parkinson disease.

RESULTS

Identification of mesostriatal and mesolimbic DA neurons

To investigate differential vulnerability in the mature dopami-
nergic midbrain with single-cell resolution, we combined in vitro
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electrophysiology, gene expression profiling and immunohistochemis-
try of individual retrogradely labeled mesostriatal SN and mesolimbic
VTA DA neurons in adult mice21. Figure 1a shows injection sites of
retrograde tracer substances in dorsal striatum and nucleus accumbens;
distribution of labeled mesostriatal and mesolimbic TH-positive cell
bodies within SN and VTA (upper panels); and single, fluorescently
labeled mesostriatal and mesolimbic neurons in living brain-slices from
3-month-old mice (lower panels). Adult fluorescence-labeled DA
neurons showed typical electrophysiological properties (such as spon-
taneous pacemaker activity, broad action potentials and presence of
hyperpolarization-activated current (Ih)–mediated sag components
(Fig. 1b)) similar to those described for 14-d-old postnatal unlabeled
DA neurons22. Physiological differences between DA midbrain neurons,
such as differences in sag and Ih current amplitudes and maximal firing
rates before onset of depolarization block, were associated with distinct
DA projections to striatal or accumbal target areas (Fig. 1b; sag
amplitudes at –100 mV: mesostriatal, 16.5 ± 0.9 mV, n ¼ 15; meso-

limbic, 12.0 ± 1.2 mV, n ¼ 10; P o 0.01; Ih amplitudes at –120 mV:
mesostriatal, 255 ± 46 pA, n¼ 15; mesolimbic, 60 ± 15 pA, n¼ 10; Po
0.01; maximum firing rate: mesostriatal, 8.3 ± 2.0 Hz, n ¼ 15;
mesolimbic, 13.8 ± 3.0 Hz, n ¼ 10; P o 0.01). Functionally character-
ized, labeled neurons were filled with neurobiotin during whole-cell
recordings (or by breaking into whole-cell mode after perforated-patch
recordings) for subsequent triple labeling immunohistochemistry in
order to confirm their dopaminergic identity (as measured by tyrosine
hydroxylase (TH) expression) and morphology (Fig. 1c).

All DA midbrain neurons express functional K-ATP channels

The presence of K-ATP channels in postnatal DA neurons is well
described18,20,23,24, but potential differences between adult mesolimbic
VTA and mesostriatal SN DA neurons have not yet been addressed. To
probe for the presence of functional K-ATP channels, we dialyzed DA
neurons in brain slices with ATP-free pipette solution. Our previous
data suggested that Kir6.2 (KCNJ11) is the pore-forming subunit of
K-ATP channels in all DA midbrain neurons18,25. Therefore, we also
analyzed DA neurons of a K-ATP channel knockout (Kir6.2�/�) mouse
in which the Kir6.2 gene was disrupted15,26. K-ATP currents were
activated in both mesostriatal SN and, to a smaller degree, mesolimbic
VTA DA neurons from adult wild-type (Kir6.2+/+) mice (Fig. 2a). The
washout-induced current at –50 mV was 112.4 ± 16.3 pA for meso-
striatal DA neurons (n ¼ 10) and 56.4 ± 16.9 pA for mesolimbic DA
neurons (n ¼ 12). The activation of K-ATP channels in DA neurons
was accompanied by hyperpolarization of the membrane potential
below threshold (for mesostriatal DA neurons, –35.6 ± 1.8 mV for the
control condition (n ¼ 10) and –51.9 ± 2.6 mV for the ATP washout
condition (n ¼ 10); and for mesolimbic DA neurons, –35.5 ± 1.1 mV
for the control condition (n¼ 12) and –49.1 ± 5.2 mV (n¼ 12) for the
ATP washout condition). In contrast to results from wild-type mice, no
K-ATP currents were activated in response to zero ATP dialysis in
Kir6.2�/� mice, nor did we observe any hyperpolarization in meso-
limbic or mesostriatal DA neurons in Kir6.2�/� mice. The mean
current difference after washout at –50 mV was –8.0 ± 14.3 pA for
mesostriatal DA neurons (n ¼ 6) and 7.2 ± 3.4 pA for mesolimbic DA
neurons (n ¼ 6). Basic electrophysiological properties of single action
potentials and spontaneous discharge rates, recorded in the perforated-
patch configuration at physiological temperatures and glucose con-
centrations, did not differ significantly in DA neurons from adult
Kir6.2�/� mice and wild-type mice (Fig. 2b). The action potential
width for Kir6.2+/+ mice was 3.1 ± 0.34 ms (n ¼ 12) and for Kir6.2�/�

mice, 2.9 ± 0.24 ms (n ¼ 10). The spontaneous activity for Kir6.2+/+
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Figure 1 Properties of adult mesostriatal and mesolimbic DA neurons.

(a) Identification of mesostriatal and mesolimbic DA neurons. For both

images of SN neurons (left) and images of VTA neurons (right), upper left

image shows injection sites (striatum for SN and nucleus accumbens for

VTA, scale bars, 400 mm), upper right image shows midbrain localization

of TH-positive (green) and retrobead-labeled (red) neurons (scale bars,

150 mm), and the lower row shows identification of retrobead-labeled SN

und VTA neurons in living brain slices via infrared videomicroscopy and
epifluorescence (scale bars, 5 mm). (b) Electrophysiological properties of

retrogradely labeled mesostriatal and mesolimbic DA neurons. Upper row:

spontaneous activities and responses to �100 pA current injection (scale

bars: 20 mV, 400 ms; dashed line, 0 mV). Middle row: activation of Ih
currents by hyperpolarizing voltage steps (10-mV increments) from �40 mV

(scale bars: 200 pA, 400 ms). Bottom row: responses to 50 pA, 250 pA and

500 pA current ramps from SN and VTA DA neurons (scale bars: 20 mV,

400 ms). (c) Upper images: confocal analysis of traced (red), recorded and

neurobiotin-filled (green), and TH-positive (blue) neurons. Lower images:

morphology of traced, neurobiotin-filled and DAB-processed TH-positive

neurons (scale bars, 10 mm).
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mice was 1.75 ± 0.20 Hz (n ¼ 36) and 2.03 ± 0.20 Hz for Kir6.2�/�

mice (n¼ 15). These data are in accordance with our previous study on
young postnatal mice and demonstrate that Kir6.2 is the essential pore-
forming subunit for functional somatodendritic K-ATP channels in
mesostriatal as well as mesolimbic DA neurons from adult mice.

Distinct molecular compositions of K-ATP channels might confer
variable metabolic sensitivities to native channels16. Thus, we analyzed
K-ATP channel subunit expression of individual SN and VTA DA
neurons using RT-PCR. We have previously shown that in young mice
(postnatal day 14 (P14)), K-ATP channels in DA midbrain neurons
coexpressed Kir6.2 and SUR1 or SUR2B mRNA18. As previously
described for rotenone18, DA neurons expressing SUR1 mRNA, but
not SUR2B mRNA, from P14 mice underwent K-ATP channel activa-
tion after acute application of 1-methyl-4-phenylpyridinium (MPP+).
Hyperpolarization to –53.8 ± 2.4 mV (n ¼ 7) was induced; six out of
these seven neurons expressed SUR1. This confirmed SUR1-containing
K-ATP channels as metabolic sensors in DA neurons. To study K-ATP
channel subunit expression in adult mice, DA neurons (identified by
fluorescence labeling) were harvested by means of photoablation and
laser microdissection (Fig. 3). Notably, in microdissected DA neurons
from adult mice, we found no evidence for differential expression of
SUR subunits. Using qualitative RT-PCR, we detected SUR1 mRNA
with similar frequencies in single SN and VTA DA neurons but detected
SUR2B mRNA in o5% of individual DA neurons (Fig. 3a,b): 36% of
SN neurons (9/25), and 41.6% of VTA neurons (n ¼ 10/24), were
SUR1- and TH-positive. In contrast to the SUR isoforms, and in
accordance with previous studies, mRNA for calbindin, a marker
for more resistant DA neurons, was coexpressed to a higher degree
in VTA DA neurons (62.5%, or 15/24) than in SN DA neurons (4%, or
1/25, Fig. 3b).

Quantitative real-time PCR of homogeneous microdissected SN DA
and VTA DA cell pools (ten neurons) for all four K-ATP channel
subunits eliminated detection threshold problems and confirmed that
Kir6.2 and SUR1, not Kir6.1 or SUR2, are the relevant K-ATP channel
subunits in SN DA neurons as well as in VTA DA neurons from adult
mice. (Detection frequencies were 100% for SUR1 and Kir6.2, o10%
for SUR2, and 0% for Kir6.1.) Relative levels of SUR1 mRNA expres-
sion were about twofold higher in SN DA neurons than in VTA DA
neurons, consistent with the twofold-larger K-ATP washout currents
of mesostriatal SN DA neurons (Fig. 3d). (SUR1 expression was
100 ± 16.9 in SN (n ¼ 11) and 45.1 ± 5.5 in VTA (n ¼ 8;
P ¼ 0.009). Kir6.2 expression was 100 ± 21.5 in SN (n ¼ 10) and
51.8 ± 12.4 in VTA (n ¼ 8; P ¼ 0.07). Mean SN expression was
normalized to 100.) Thus, K-ATP channels have a uniform molecular
makeup but distinct mRNA expression levels across DA midbrain
populations. However, K-ATP subunit composition or expression levels
alone do not determine the metabolic sensitivity of K-ATP channels in
intact neurons, as K-ATP channel gating is controlled by the intracel-
lular ATP/ADP ratio and is regulated by a number of complex signaling
factors, such as reactive oxygen species, phosphorylation, phospho-
inositides and long-chain acyl-CoA esters27–30.

Complex I inhibition selectively activates K-ATP channels

To avoid perturbation of cellular metabolism, we studied sensitivities
of K-ATP channel activation in DA neurons in response to the
complex I inhibitors and neurotoxins rotenone and MPP+ in the
perforated-patch configuration at physiological temperatures and
glucose concentrations.

In mesostriatal SN DA neurons from adult Kir6.2+/+ mice, applica-
tion of MPP+ (10 mM for 5 min) induced a slowing followed by a
complete cessation of spontaneous activity (n ¼ 14/15) and a tonic
hyperpolarization (Fig. 4a,b; control: 1.7 ± 0.2 Hz, �44.7 ± 1.2 mV,
n ¼ 15; post-MPP+: 0.1 ± 0.1 Hz, �61.3 ± 1.5 mV, n ¼ 15; P ¼ 1.6 �
10�8, P ¼ 5.3 � 10�4). By contrast, spontaneous activities and
membrane potentials of mesolimbic DA neurons were not significantly
affected by 10 mM MPP+ (control: 2.4 ± 0.4 Hz, �42.7 ± 3.5 mV, n¼ 6;
post-MPP+: 2.3 ± 1.1 Hz, –40.7 ± 4.9 mV, n ¼ 6). In Kir6.2�/� mice,
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Figure 2 Kir6.2 forms the K-ATP channel pore in all DA neurons. (a) Current

amplitudes during ATP washout (at �50 mV) in mesostriatal and mesolimbic
DA neurons from Kir6.2+/+ and Kir6.2�/� mice (scale bars: 50 pA, 100 ms,

dashed line, 0 pA). (b) Single action potentials and spontaneous discharges

(insert) of Kir6.2+/+ and Kir6.2�/� SN DA neurons recorded in the perforated-

patch configuration.
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Figure 3 K-ATP subunit expression of individual laser-microdissected DA

neurons. (a) Qualitative RT-PCR of individual laser-microdissected SN and

VTA DA neurons. Top: detection of a retrobead-labeled mesolimbic VTA

neuron (scale bar, 5 mm). Blue arrowhead is an adjustment symbol of laser

software. Bottom: mRNA expression profiles of a single mesostriatal SN and a

single mesolimbic VTA neuron. (b) Calbindin is more frequently detected in

single VTA DA compared to SN DA neurons. (c) Top: photomicrograph of a

section after laser microdissection of selective VTA and SN cell pools for
quantitative PCR (scale bar, 100 mm). Bottom: qualitative PCR with one-

tenth aliquot of cDNA reaction from a VTA DA cell pool illustrates absence of

glial (GFAP) or GABAergic (GAD65/GAD67) contamination (see Methods).

Blue arrowhead as in a. (d) Quantitative real-time PCR. There are significantly

higher mRNA expression (normalized to mean SN expression) of SUR1 in cell

pools of SN DA neurons than in VTA DA neurons.
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neither mesostriatal SN DA nor mesolimbic VTA DA neurons showed
MPP+-induced silencing of spontaneous activity (Fig. 4d,e; meso-
striatal: control, 2.0 ± 0.2 Hz, �44.3 ± 0.6 mV, n¼ 6; post-MPP+, 1.8 ±
0.2 Hz, �43.9 ± 1.0 mV, n ¼ 6; mesolimbic: control, 2.6 ± 1.0 Hz,
�42.5 ± 1.1 mV, n ¼ 6; post-MPP+, 2.7 ± 1.0 Hz, �41.7 ± 1.3 mV,
n ¼ 6). We also observed selective silencing of mesostriatal but not
mesolimbic Kir6.2+/+ DA neurons in response to 100 nM rotenone
(Fig. 4c; mesostriatal: control, 1.8 ± 0.2 Hz, �44.1 ± 2.4 mV; post-
rotenone, 0.0 ± 0.1 Hz, �61.3 ± 1.5 mV, n ¼ 12; P ¼ 3.3 � 10�5,
P ¼ 4.5 � 10�5; mesolimbic: control, 3.8 ± 1.1 Hz, �42.1 ± 3.4 mV;
post-rotenone, 4.3 ± 1.1 Hz, –39.8 ± 5.1 mV, n ¼ 6). Again, activity of
Kir6.2�/� DA neurons was not significantly altered by rotenone
(Fig. 4f; mesostriatal: control, 1.9 ± 0.3 Hz, �44.1 ± 1.5 mV;
post-rotenone, 1.9 ± 0.4 Hz, �44.2 ± 1.7 mV, n ¼ 9; mesolimbic:
control, 3.9 ± 1.0 Hz, –42.8 ± 2.1 mV; post-rotenone, 3.8 ± 1.2 Hz,
�43.4 ± 2.3 mV, n ¼ 6).

These data demonstrate that complex I inhibition induces selective
hyperpolarization and electrical silencing of highly vulnerable meso-
striatal SN DA neurons, but not VTA DA neurons, owing to activation
of K-ATP channels made up of Kir6.2 and SUR1 subunits. As rotenone
uptake (in contrast to MPP+ uptake) is passive, the differential
responses of mesostriatal and mesolimbic DA neurons are independent
of toxin loading effects.

Mitochondrial uncoupling controls K-ATP channel activation

As K-ATP channels in all DA neurons are composed of Kir6.2
and SUR1 subunits, other factors (including differences in ATP

consumption or ATP generation) must cause the observed differential
channel activation in response to complex I inhibition. Extensive
uncoupling of the mitochondrial respiratory chain by 2 mM carbonyl-
cyanide-4-trifluoromethoxyphenylhydrazone (FCCP) activated K-ATP
channels in both SN DA and VTA DA neurons (perforated-patch
recording in 2 mM FCCP; SN: 0 ± 0 Hz, �75.8 ± 1.1 mV; VTA: 0 ± 0 Hz,
�64.8 ± 9.0 mV, n ¼ 3; P ¼ 0.35). This indicates that K-ATP channel
gating is primarily controlled by mitochondrial metabolism in all DA
midbrain neurons. Consequently, quantitative differences in mito-
chondrial uncoupling might cause the differential sensitivity of
K-ATP channels to complex I inhibition. Thus, we studied the effects
of mild uncoupling of the mitochondrial respiratory chain induced by
50 nM FCCP. Mild neuronal uncoupling reduces the generation of
reactive oxygen species (ROS) rather than impairing ATP produ-
ction31,32. We found that 50 nM FCCP (20-min preincubation) alone
did not activate K-ATP channels or alter firing rates of SN or VTA DA
neurons (Fig. 5a; perforated-patch recording in 50 nM FCCP; SN: 1.9 ±
0.2 Hz, n ¼ 10; VTA: 2.4 ± 0.5 Hz, n ¼ 6). Notably, however, mild
uncoupling inverted the response of K-ATP channels to complex I
inhibition: in this case, VTA DA neurons, but not SN DA neurons, were
hyperpolarized and functionally silenced due to K-ATP channel activa-
tion. In the presence of 50 nM FCCP, none of the SN DA neurons was
significantly affected by 100 nM rotenone (Fig. 5a,b, left; perforated-
patch recording in 50 nM FCCP: 2.33 ± 0.29 Hz; FCCP + rotenone:
1.92 ± 0.36, n ¼ 6; P ¼ 0.40) or 10 mM MPP+ (data not shown). In
contrast, the presence of 50 nM FCCP sensitized K-ATP channels of
VTA DA neurons to complex I inhibition (Fig. 5a,b, right; 50 nM
FCCP: 2.4 ± 0.55 Hz; FCCP + rotenone: 0 ± 0 Hz, n ¼ 6; P ¼ 0.0075).
We found that 50 nM FCCP had no effects on membrane conductance
of DA neurons from Kir6.2�/� mice, in the absence or presence of
rotenone (SN DA: control, 1.88 ± 0.36 nS; 50 nM FCCP, 1.95 ± 0.23 nS,
n¼ 6, P¼ 0.88; VTA DA: control, 2.23 ± 0.27 nS; 50 nM FCCP, 2.07 ±
0.62 nS, n ¼ 3, P ¼ 0.83).

To quantify the reciprocal effects of mild uncoupling on K-ATP
channel activation in response to complex I inhibition in SN and VTA
DA neurons, we generated dose-response curves for rotenone-induced
K-ATP channel activation in the presence and absence of 50 nM FCCP.
In response to a 5-min application of rotenone (concentrations from
1–1,000 nM), the subthreshold slope conductances (Gmin) of SN DA
neurons increased fourfold to a maximum of about 7 nS (Fig. 5c, left;
Gbase: 1.75 ± 0.1 nS; Gmax: 6.99 ± 0.1 nS; n ¼ 3–6), but increased only
about 1.8-fold to a maximum of 3.3 nS in VTA DA neurons (Fig. 5c,
right; Gbase: 1.78 ± 0.03 nS, Gmax: 3.28 ± 0.03 nS; n ¼ 3–6).
Preincubation of SN DA neurons with 50 nM FCCP substantially
reduced the sensitivity and extent of rotenone-induced K-ATP channel
activation to a degree similar to that of VTA DA neurons under control
conditions (Fig. 5c, left; control: rotenone concentration for half-
maximum response (EC50): 77.6 ± 3.1 nM, GK-ATP: 5.42 nS; 50 nM
FCCP: EC50: 260 ± 17 nM, GK-ATP: 1.89 nS). In contrast, in VTA DA
neurons, mild uncoupling substantially potentiated rotenone-induced
K-ATP channel activation (Fig. 5c, right; control: EC50: 82.2 ± 4.3 nM,
GK-ATP: 1.50 nS; 50 nM FCCP: EC50: 46.0 ± 1.8 nM, GK-ATP: 2.62 nS). In
SN DA neurons, mild uncoupling not only prevented the loss of
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Figure 4 K-ATP channel activation in response to complex I inhibition only in

SN DA neurons. (a,d) Spontaneous activities and responses to 10 mM MPP+

in DA neurons from Kir6.2+/+ and Kir6.2�/� mice (current-clamp, perforated-

patch recordings in adult brain slices at 36 1C). (b,e) Spontaneous firing

frequencies (Hz/10 s bins) and mean membrane potential (mV) (horizontal

bars indicate MPP+ application). (c,f) Corresponding experiments with

100 nM rotenone (horizontal bars indicate rotenone application).
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spontaneous activity in the presence of complex I inhibition but also
restored their excitability in response to current ramps (Fig. 5d;
compare Fig. 1b, right panels).

In accordance with a proposed reduction of ROS rather than
reduced ATP levels as the main consequence of mild uncoupling31,
preincubation of SN DA neurons with a superoxide dismutase mimetic
(30 mM Mn(III)tetrakis(4-benzoic acid)porphrin chloride (MnTBAP))
also prevented rotenone-induced K-ATP channel activation and mem-
brane hyperpolarization (100 nM rotenone + 30 mM MnTBAP:
�33.68 ± 4.16 mV, 2.45 ± 0.42 nS, n ¼ 6). These data could indicate
that VTA DA neurons, in contrast to SN DA neurons, already show a
mild degree of constitutive uncoupling of the mitochondrial respira-
tory chain that reduces ROS and in turn prevents K-ATP channel
activation20 in response to complex I inhibition. For further experi-
mental support, using real-time quantitative RT-PCR, we quantified
the mRNA expression of the two most relevant neuronal uncoupling
proteins, UCP-2 and UCP-3 (ref. 31), both of which we found to be
expressed in mouse brain. Consistently, we detected an about three-
fold-higher level of UCP-2 mRNA in laser-microdissected VTA DA
neurons than in SN DA neurons. UCP-3 mRNA was not detected in DA
neurons (UCP-2: SN, 100.0 ± 16.9, n ¼ 11; VTA, 316.4 ± 49.8, n ¼ 11;
P ¼ 0.0014. Mean SN expression was normalized to 100).

The EC50 values for K-ATP channel activation in response to chronic
in vitro complex I inhibition (430 min preincubation) by MPP+ (EC50:
2.2 mM) and rotenone (EC50: 16.2 nM; ref 18) in SN DA neurons are
within the range of the effective in vivo toxin concentrations in their
respective rodent Parkinson disease models10,11. Thus, our data suggest
the possibility that selective K-ATP channel activation in mesostriatal
SN DA is also operative in vivo. Notably, in this context, mild mito-
chondrial uncoupling or increased expression of UCP-2 in vivo has been
shown to be neuroprotective in animal models of Parkinson disease33,34.

Selective SN DA rescue in MPTP-treated Kir6.2�/� mice

To investigate whether K-ATP channels in vivo are responsible for the
preferential degeneration of mesostriatal SN DA neurons, we compared

the extent and distribution of striatal DA fiber loss and dopaminergic
cell death for Kir6.2+/+ and Kir6.2�/� mice in two mechanistically
independent mouse models of selective dopaminergic degeneration: a
chronic low-dose MPTP model of Parkinson disease8 as well as the
mutant weaver mouse35.

Chronic low-dose MPTP administration replicated the differential
loss of DA fibers and neurons typical of Parkinson disease (Fig. 6). We
observed a reduction of about 70% in the density of TH-immuno-
positive fibers in the dorsal striatum of Kir6.2+/+ mice, whereas
projections to the ventral striatum were not significantly reduced
(Fig. 6a,b; optical densities: dorsal striatum: control, 33.4 ± 2.6, n¼ 10;
post-MPTP, 11.3 ± 1.3, n ¼ 6, P ¼ 4.2 � 10�6; ventral striatum:
control, 17.4 ± 3.8, n¼ 10; post-MPTP, 18.0 ± 3.4, n¼ 6). In Kir6.2�/�

controls, TH fiber density in dorsal and ventral striatum was not
significantly different from that in the wild-type condition. In contrast,
after chronic MPTP, TH fiber density was selectively increased by about
100% in Kir6.2�/� mice compared with wild-type mice, in the dorsal
(P ¼ 0.004) but not in the ventral striatum (P ¼ 0.24; Fig. 6a,b; dorsal
striatum: control, 33.3 ± 2.8, n ¼ 12; post-MPTP, 21.6 ± 1.9, n ¼ 6;
P ¼ 0.005; ventral striatum: control, 21.2 ± 4.5, n ¼ 10; post-MPTP,
13.9 ± 2.2, n ¼ 6).

The differential rescue of the mesostriatal DA system of Kir6.2�/�

mice was even more evident in the midbrain. Based on nonbiased
stereology, we quantified the number of TH-positive neurons in
SN and VTA in controls and after chronic MPTP across the entire
caudo-rostral extent of the midbrain (Fig. 6c–e). In Kir6.2+/+

mice, MPTP-induced loss of TH-positive neurons within the SN was
about 50% (control, 5,177 ± 212, n ¼ 5; post-MPTP, 2,740 ± 199,
n¼ 9; P¼ 4.9 � 10�7). Cell loss was more extensive in caudal sections,
consistent with the caudo-rostral pattern found in Parkinson disease2

(Fig. 6e, top). In the VTA, only about 25% of TH-positive cells were
lost after MPTP treatment (control, 3,578 ± 175, n ¼ 5; post-MPTP,
2,602 ± 70, n ¼ 4; P ¼ 0.003). In Kir6.2�/� mice, the number of
TH-positive neurons in SN or VTA under control conditions was not
significantly different from that in Kir6.2+/+ mice. Also, the moderate
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loss of TH-positive neurons in the VTA after chronic MPTP treatment
(Kir6.2�/� VTA: control, 3,438 ± 90, n ¼ 5; post-MPTP, 2,755 ± 89,
n¼ 4; P¼ 0.001) was not significantly different between Kir6.2�/� and
wild-type mice. Notably, however, we found no evidence for cell loss of
TH-positive SN neurons in Kir6.2�/� after MPTP treatment (SN:
control, 5,408 ± 172, n ¼ 6; post-MPTP, 5,179 ± 285, n ¼ 5; P ¼ 0.5).
Compared with Kir6.2+/+ mice (P ¼ 1.1 � 10�7), we detected a
complete and selective rescue of the highly vulnerable population of
DA neurons in the SN across the entire caudo-rostral extent of the
midbrain in Kir6.2�/� mice (Fig. 6d,e, bottom). Stereological analysis
of all SN pars compacta neurons in hematoxylin-eosin counterstained
sections demonstrated genuine MPTP-induced neuronal death in wild-
type mice and confirmed the complete rescue of SN neurons in the
Kir6.2�/� mice (Fig. 6d, middle panel; Kir6.2+/+ SN: control, 11,882 ±
222; post-MPTP, 8,061 ± 632, P ¼ 0.029; Kir6.2�/� SN: control,
12,288 ± 231; post-MPTP, 12,619 ± 223; P ¼ 0.36; n ¼ 3 each).

Striatal MPP+ levels 90 min after MPTP injection were not sig-
nificantly different between wild-type and knockout mice (Kir6.2+/+:
16.0 ± 0.96 mM, n ¼ 10; Kir6.2�/�: 21.3 ± 2.4 mM, n ¼ 11; P ¼ 0.06).

We also measured striatal TH fiber density (Fig. 7b), and striatal
dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC) levels
(Fig. 7c) before and 3.5 d after MPTP injections. These experiments
excluded potentially confounding differences between Kir6.2�/� and
Kir6.2+/+ mice in MPTP metabolism, dopamine metabolism, or acute
dopamine depletion after MPTP injection. In contrast, the mesostriatal
system of Kir6.2�/� mice seemed more vulnerable after only a single
MPTP injection. TH fiber density was significantly reduced (P¼ 0.004)
in the dorsal striatum of Kir6.2�/� mice (Fig. 7b; dorsal striatum
control: Kir6.2+/+, 33.0 ± 3.0; Kir6.2�/�, 32.0 ± 2.8; dorsal striatum
post-MPTP: Kir6.2+/+, 28.3 ± 3.4, Kir6.2�/�, 20.8 ± 1.2; ventral
striatum control: Kir6.2+/+, 26.4 ± 4.0; Kir6.2�/�, 22.5 ± 4.0; ventral
striatum post-MPTP: Kir6.2+/+, 27.0 ± 5.5; Kir6.2�/�, 27.6 ± 3.7; n¼ 6
each). In addition, striatal levels of dopamine and dopamine/DOPAC
ratios were slightly lower in Kir6.2�/� mice than in controls after one
dose of MPTP (Fig. 7c; dopamine controls (ng g–1): Kir6.2+/+, 6,869 ±
714; Kir6.2�/�, 6,292 ± 432, n¼ 10/10; post-MPTP: Kir6.2+/+, 4,120 ±
565; Kir6.2�/�, 2,166 ± 217, n¼ 10 (Kir6.2+/+) and n¼ 6 (Kir6.2�/�);
P ¼ 0.02; control dopamine/DOPAC ratio: Kir6.2+/+, 19.1 ± 0.7;
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Figure 6 Selective rescue of SN DA neurons in Kir6.2�/� in a MPTP model of Parkinson disease. (a) TH immunostaining of striatal sections. Preferential post-

MPTP loss of TH immunostaining in dorsal striatum (DS) but not ventral striatum (VS) of Kir6.2+/+ mice but not Kir6.2�/� mice (scale bar, 1 mm). (b) Optical

density quantification of TH immunostaining intensity of dorsal and ventral striatum of sham-injected Kir6.2+/+ and Kir6.2�/� controls and post-MPTP
Kir6.2+/+ and Kir6.2�/� mice. (c) TH immunostaining of midbrain section from control and MPTP-treated Kir6.2+/+ and Kir6.2�/� mice. Selective loss of TH-

immunostained cells in SN of Kir6.2+/+ mice (scale bar, 200 mm). (d) Nonbiased stereological analysis of TH-immunopositive and hematoxylin-eosin–positive

cells in SN (top and center) and TH-immunopositive cells in VTA (bottom) from control and MPTP-treated Kir6.2+/+ and Kir6.2�/� mice. Note complete rescue

of DA SN cells in Kir6.2�/� mice. (e) Upper panels: average number of unbiased sampled TH-positive SN neurons in 30 serial midbrain sections, covering the

caudo-rostral axis (bregma –3.8 to –3.2) in control and MPTP-treated Kir6.2+/+ and Kir6.2�/� mice. Lower panels: average loss (%) of TH-positive SN neurons

along the caudo-rostral axis. Note absence of cell loss throughout the entire caudorostral extent of the SN in Kir6.2�/� mice.
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Kir6.2�/�, 17.3 ± 1.2; post-MPTP: Kir6.2+/+, 19.4 ± 1.7; Kir6.2�/�, 12.8
± 0.9; P ¼ 0.01). In both Kir6.2+/+ and Kir6.2�/� mice, DA depletion
and TH fiber loss were reversible 1 week after injection (data not
shown). Higher TH fiber loss and lower striatal dopamine level after
one MPTP injection is in accordance with the well-described acute
neuroprotective effect of K-ATP channel activation in response to
metabolic stress28,36–39. Despite the loss of the acute neuroprotective
effect in the Kir6.2�/� mice, genetic inactivation of K-ATP channels
leads to selective and complete rescue of vulnerable SN DA neurons in
the MPTP mouse model of Parkinson’s disease.

Selective SN DA rescue in Kir6.2�/� weaver double mutants

To investigate whether K-ATP channel activation is a general mechan-
ism beyond the constraints of MPTP models, we analyzed an additional
genetic model of selective dopaminergic degeneration, the weaver
(wv/wv) mouse35. Owing to a point mutation in the Girk2 gene
(Kir3.2, KCNJ6), homomeric Girk2 channels lose their potassium
selectivity and G protein control and become constitutively active
channels. Consequently, in homozygous weaver mice, dopaminergic
midbrain neurons are affected by selective degeneration25,35. In addi-
tion, the cerebellum of homozygous weaver mice is markedly reduced

in size, owing to a loss of cerebellar granule cells40. We have previously
shown that K-ATP channels containing SUR1 and Kir6.2 subunits are
activated in SN DA midbrain neurons of homozygous weaver mice in
response to activeweavermutant channels during the most active phase
of postnatal DA degeneration25. Here, to study the effect of loss of
K-ATP channels on dopaminergic degeneration in weaver mice in vivo,
we crossed heterozygote weaver mice (wv/+) with Kir6.2�/� mice to
generate weaver Kir6.2+/+ (wv/wv Kir6.2+/+) and weaver Kir6.2�/� mice
(wv/wv Kir6.2�/�) and control mice of similar genetic background
(wv+/+ Kir6.2+/+ and wv+/+ Kir6.2�/�).

The cerebella of adult 3-month-old homozygous weaver mice were
both significantly reduced in size, regardless of the presence (wv/wv
Kir6.2+/+) or absence (wv/wv Kir6.2�/�) of functional K-ATP channels
(data not shown), indicating that Kir6.2 K-ATP channels did not affect
cell death of cerebellar granule cells. In contrast, lack of K-ATP channels
in adult weaver mice (wv/wv Kir6.2�/�) led to partial but selective
rescue of mesostriatal DA neurons. Comparison of striatal TH fiber
density in wv/wv Kir6.2+/+ mice with that in wv+/+ Kir6.2+/+ mice
confirmed the previously described pattern of differential vulnerability
(dorsal striatum versus ventral striatum, Fig. 8a,b)35. This pattern was
also similar to that of the chronic MPTP mouse model (compare
Fig. 6a,b). Optical density of TH-positive fibers of homozygous double
mutant mice (wv/wv Kir6.2�/�) was about 100% higher (P ¼ 0.005)
than that of weaver mice with functional K-ATP channels (wv/wv
Kir6.2+/+) in the dorsal striatum, but not in the ventral striatum,
similar to our MPTP model mice (Fig. 8a,b; dorsal striatum: wv+/+
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Figure 8 Selective rescue of SN DA neurons in Kir6.2�/� weaver double mutant mice. (a) TH immunostaining of striatal sections. There is preferential loss of

TH immunostaining in dorsal striatum (DS) but not ventral striatum (VS) of wv/wv Kir6.2+/+ mice but not wv/wv Kir6.2�/� mice (scale bar, 1 mm). (b) Optical

density quantification of TH immunostaining intensity of dorsal striatum and ventral striatum of control (wv+/+) and homozygous weaver (wv/wv) mice. (c) TH

immunostaining of midbrain section from control (wv+/+) and homozygous weaver mice either in Kir6.2+/+ or Kir6.2�/� mice. Note selective loss of TH-
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Figure 7 In vitro responses to MPP+ and short-term in vivo responses to

MPTP in Kir6.2+/+ and Kir6.2�/� mice. (a) MPP+ concentration–dependence

of K-ATP channel conductance (GK-ATP) in DA SN neurons. Points are mean ±

s.e.m. of four to eight experiments. Line represents a fit of the mean data by

a Hill equation with a half-maximal effective concentration (EC50) of 2.2 mM

and a Hill coefficient of 1. (b) Left: TH immunostaining of striatal sections

from Kir6.2+/+ and Kir6.2�/� controls and Kir6.2+/+ and Kir6.2�/� mice

3.5 d after a single injection of MPTP (scale bar, 1 mm). Right: optical

density quantification of TH immunostaining intensity of dorsal striatum and

ventral striatum (compare with Fig. 4a). (c) Mean concentrations of dorsal

striatal dopamine, DOPAC and DA/DOPAC ratios in Kir6.2+/+ and Kir6.2�/�

controls and 3.5 d after a single MPTP injection. There was significant DA

depletion after a single MPTP injection in both Kir6.2+/+ and Kir6.2�/� mice.
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Kir6.2+/+, 38.0 ± 2.4; wv/wv Kir6.2+/+, 9.4 ± 0.6; wv+/+ Kir6.2�/�,
36.7 ± 2.5; wv/wv Kir6.2�/�, 18.2 ± 2.8; n ¼ 5 each; ventral striatum:
wv+/+ Kir6.2+/+, 36.1 ± 1.9; wv/wv Kir6.2+/+, 37.3 ± 2.1; wv+/+

Kir6.2�/�, 33.6 ± 2.1; wv/wv Kir6.2�/�, 37.5 ± 2.2; n ¼ 5 each).
Stereological analysis of TH-positive midbrain neurons and of

respective hematoxylin-eosin–counterstained midbrain sections con-
firmed the differential loss of SN DA midbrain neurons and their
selective, but only partial, rescue by genetic inactivation of K-ATP
channels (Fig. 8c,d), in contrast to the MPTP model. The number of
TH-positive neurons in SN or VTA from adult 3-month-old mice did
not differ in wild-type control mice (wv+/+ Kir6.2+/+) and Kir6.2�/�

control mice (wv+/+ Kir6.2�/�). Loss of SN DA neurons in homozygous
weavermice was about 70% (wv+/+ Kir6.2+/+: 5,415 ± 131, n¼ 3;wv/wv
Kir6.2+/+: 1,687 ± 83, n ¼ 5; P ¼ 2.4 � 10�7). VTA DA neurons were
significantly less affected by the weaver mutation, similar to the MPTP
model; only B25% of VTA DA neurons were lost (wv+/+ Kir6.2+/+:
4,696 ± 152, n ¼ 3; wv/wv Kir6.2+/+: 3,472 ± 185, n ¼ 5; P ¼ 0.004,
wv+/+ Kir6.2�/�: 4,157 ± 155, n ¼ 4; wv/wv Kir6.2�/�: 2,997 ± 185,
n ¼ 4; P ¼ 0.003). Again, moderate cell death of VTA DA neurons in
mutant weaver mice was not affected by loss of K-ATP channels: the
number of surviving VTA DA neurons did not significantly differ
between Kir6.2�/� and Kir6.2+/+ weaver mice (P ¼ 0.12). In contrast,
and in accordance with the MPTP model, the number of surviving
SN DA neurons in double-mutant mice (wv+/+ Kir6.2�/�: 5,558 ± 203,
n ¼ 5; wv/wv Kir6.2�/�: 2,126 ± 90, n ¼ 5; P ¼ 3.1 � 10�7) was
significantly higher than in wv/wv Kir6.2+/+ mice (P ¼ 0.007),
indicating that in the weaver mutant mice as well, genetic inactivation
of the Kir6.2 gene resulted in a selective rescue of B25% of highly
vulnerable SN DA neurons. Again, analysis of hematoxylin-
eosin–counterstained sections confirmed genuine cell death and rescue
(SN: wv+/+ Kir6.2+/+, 11,753 ± 82; wv+/+ Kir6.2�/�, 12,328 ± 295;
wv/wv Kir6.2+/+, 5,387 ± 174;wv/wvKir6.2�/�: 6,568 ± 66; n¼ 3 each).

DISCUSSION

We demonstrate here that Kir6.2-containing K-ATP channels are
causally linked to the differential degeneration of dopaminergic mid-
brain neurons in vivo in response to complex I inhibition as well as in
response to mutant weaver Girk2 channels. In these two mechanisti-
cally unrelated, chronic mouse models of dopaminergic degeneration,
the presence of functional K-ATP channels promotes cell death of SN
DA but not VTA DA neurons. In both models, because the moderate
loss of VTA DA neurons is independent of the presence of K-ATP
channels, cell death of SN and VTA DA neurons is executed via
divergent pathways. We have demonstrated in in vitro brain slices
that selective K-ATP channels are selectively activated and electrical
activity is lost in response to complex I inhibition in highly vulnerable
SN DA neurons but that they are not activated in VTA DA neurons.
Our mouse model data strongly suggest that distinct pathophysiologi-
cal trigger factors (such as complex I inhibition in the MPTP model or
constitutive activity of sodium-permeable mutant Girk2 channels in
weaver mice25) might also converge in vivo on the selective activation of
K-ATP channels in SN DA neurons, resulting in functional silencing. As
about 70% of SN DA neurons are lost in adult weaver mice, it is likely
that weaver SN DA neurons that we had previously studied in young
(P14) mice25, might not have been long-term survivors, but rather
neurons in the process of degeneration. Our in vivo animal data
indicate that functional K-ATP channels are indeed necessary for cell
death of SN DA neurons in the chronic MPTP model and promote
neuronal death in the mutant weaver mouse. As we studied a general
Kir6.2 knockout mouse, we cannot rule out a contribution from
Kir6.2-expressing cell types other than SN DA neurons. However,

this would imply K-ATP channel activation in these other cells in the
MPTP model as well as in the weaver mouse and selective interaction of
these cells with SN DA neurons but not VTA DA neurons.

K-ATP channels are selectively activated in response to complex I
inhibition in SN DA neurons but not in VTA DA neurons; this is
unexpected, as adult VTA DA neurons have functional K-ATP channels
with the same molecular make-up. However, given the ubiquitous
expression of K-ATP channels containing Kir6.2 and SUR1 subunits, as
well as their distinct physiological functions in brain and other
tissues15,16,41, cell-specific differences in K-ATP channel regulation
are expected. Our results suggest that differential degrees of uncoupling
of the mitochondrial respiratory chain are critical for the control of
K-ATP channel activity in DA midbrain neurons. Although extensive
uncoupling in vitro activates K-ATP channels in all DA neurons, we
have found that mild uncoupling has opposite effects on K-ATP
channel activity in response to complex I inhibition: it causes decreased
K-ATP conductances in SN DA neurons but increased K-ATP channel
conductances in VTA DA neurons. The latter express higher mRNA
levels of the uncoupling protein UCP-2. In accordance, mild uncou-
pling has been shown to predominantly reduce generation of ROS31,
and decreased ROS will reduce the open probability of K-ATP
channels20. Accordingly, our data suggest that the differential activation
of Kir6.2- and SUR1-containing K-ATP channels in response to
complex I inhibition is controlled upstream by different degrees of
mitochondrial uncoupling in SN DA and VTA DA neurons. Mild basal
uncoupling in VTA DA neurons seems well suited to prevent
K-ATP channel activation in response to complex I inhibition, as
further uncoupling by FCCP in these neurons enhances K-ATP
channel activation. These findings also suggest that the neuroprotective
effects of increased mitochondrial uncoupling (owing to increased
levels of UCP-2 or coenzyme Q) in rodent and primate models of
Parkinson disease33,42 might act by reducing the open probability of
K-ATP channels in vulnerable SN DA neurons. In essence, the con-
vergence of mitochondrial complex I dysfunction and oxidative stress
(both of which are present in Parkinson disease) on the activity of
K-ATP channels provides a previously unknown candidate mechanism
for differential vulnerability of DA neurons that would couple
metabolic stress with electrophysiological failure and selective death
of SN DA neurons.

While we have identified a mitochondrial upstream mechanism for
differential K-ATP channel control in response to complex I inhibition,
our study did not address downstream events that could link K-ATP
channel–mediated electrical changes with death of DA neurons. Future
studies must show to what extent K-ATP channel activation does occur
in vivo, and if resulting electrical changes (such as reduced activity or
functional silencing) are sufficient to kill mature DA neurons in a cell-
autonomous fashion, as recently reported for maturing DA neurons
in vitro43. Alternatively, functional silencing and lack of dopamine
release could generate additional network effects, such as imbalances
of synaptic inputs in the intact brain, that might eventually cause
the death of DA neurons. However, dopamine production and release
itself is not required for survival of DA neurons in vivo44.

Given the well-documented function of Kir6.2-containing K-ATP
channel activation in protecting complex brains against short-term
stressors28,36–39, our findings define a previously unknown role for
K-ATP channels in dopaminergic pathophysiology: the promotion of
long-term neurodegenerative processes. Accordingly, factors that
increase K-ATP channel open probability might be beneficial during
short-term metabolic demands but could also promote chronic disease.
Indeed, in type 2 diabetes, the insufficient closure of b cell K-ATP
channels, which control insulin secretion, is a key event17,45. Conse-
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quently, K-ATP channel polymorphisms or a diabetic metabolic state
might predispose individuals to Parkinson disease. In light of this, it is
notable that early studies suggested a high prevalence of impaired
glucose tolerance in Parkinson disease and exacerbation of this impair-
ment by conventional pharmacotherapy for Parkinson disease
(reviewed in ref. 46), although more recent evidence is missing.
Thus, in the future, cell type–specific drugs might selectively enhance
mitochondrial uncoupling or inhibit K-ATP channel activity for
neuroprotection, but a clinical correction of a potential diabetic
metabolic state in Parkinson disease patients might provide an already
available neuroprotective strategy.

METHODS
Animals and MPTP treatment. Kir6.2�/� and control (Kir6.2+/+) mice were

generated and back-crossed into C57Bl/6 mice as described26. Homozygous

weaver (wv/wv Kir6.2�/�) and wv+/+ Kir6.2�/� control mice were obtained by

crossing Kir6.2�/� and heterozygous weaver mice (B6CBACa-Aw-J/A-wv,

Jackson Laboratory). Genotyping for the weaver mutation and the Kir6.2�/�

construct was performed by PCR after DNA isolation from small ear punches

(QiaAmp DNA Mini Kit, Qiagen). Unless otherwise stated, 3-month-old male

mice were used. The chronic MPTP intoxication protocol similar to that

described previously8: 20 mg kg–1 MPTP in 5 mg ml–1 saline was injected

subcutaneously, and 250 mg kg–1 probenecid in DMSO was injected intra-

peritoneally every 3.5 d over a period of 5 weeks. Mice were killed 1 week after

the final injection. For acute MPTP effects, a single dose was injected.

Procedures were approved by the UK Home Office and the German Regier-

ungspräsidium Giessen. MPTP handling and safety were accordance to

published safety guidelines.

Retrograde tracing and immunohistochemistry. Under stereotactic control

(Cartesian Instruments), 100 nl retrobeads (Lumafluor) were injected in dorsal

striatum (bregma: 0.98 mm, lateral: 1.9 mm, ventral: 2.2 mm) or nucleus

accumbens (bregma: 1.54 mm, lateral: 1.0 mm, ventral: 4.0 mm) of mice under

general ketamine-domitor anaesthesia. After 1 week recovery, animals were

sacrificed and injection sites verified. Perfusion-fixation, immunocytochemical

experiments and confocal analysis were as described previously22. TH-stained

midbrain and control sections were rehydrated and hematoxylin-eosin counter-

stained (Hematoxiline-Eosine Quick Stain, Vector Labs), dehydrated and

coverslipped for further stereological analysis. Optical density of striatal TH

immunoreactivity was analyzed using digital imaging software (Neurolucida,

MicroBrightField, Adobe Photoshop and IGOR Wavemetrics).

Stereological analysis. Total numbers of TH-positive or hematoxylin-eosin–

positive neurons in SN and VTA were determined using an unbiased optical

fractionator method (Stereoinvestigator, MicroBrightField). Regions of

interests (SN and VTA) were identified according to established anatomical

landmarks (Paxinos mouse brain atlas). We analyzed 30 serial 30-mm TH-

immunostained sections (with or without hematoxylin-eosin counterstaining)

from control and MPTP-treated mice as well as from double-mutant homo-

zygous wv/wv Kir6.2�/� and wv/wv Kir6.2+/+ mice and appropriate wv+/+

Kir6.2�/� and wv+/+ Kir6.2+/+ controls, covering the entire caudo-rostral extent

of the midbrain. Actual section thickness after mounting and shrinking was

consistently about 11 mm. Estimated total number of TH-positive neurons (N)

was calculated as follows:

N ¼
X

Q� � t

h� asf � ssf

where h is the height of optical dissector (5 mm), ssf is the section sampling

fraction (1), asf is the area sampling fraction (0.69), t is the mean section

thickness, and
P

Q– is the sum of counted neurons for all sections47. Sampling

grid dimension were 120 � 120 � 5 mm (x, y and z-axes). Quality of estimated

total numbers was assessed according to the Gundersen coefficient of error CE2

and was in all cases r0.05.

High-performance liquid chromatography (HPLC). For quantification of

MPP+ with HPLC with fluorescence detection, striatal punches (B5 mg) were

sonicated (Bandelin Sonoplus HD 70, with a Microtip) for 1 s in 20 volumes of

ice-cold 5% trichloroacetic acid and centrifuged. Supernatant aliquots of 10 ml

were separated over a 5-mm Sulpelcosil LC-SCX column (25 � 0.46 cm) with

mobile phase of 10% ACN, 90% 0.1 M acetic acid and 0.075 M triethylamine

HCl, pH 2.3, and flow rate of 1 ml min–1. Eluate was monitored by a Merck-

Hitachi fluorescence detector F-1000 at 295 nm excitation and 375 nm

emission. Peaks were quantified by peak height evaluation and by area

integration with Millennium evaluation software (Millipore). For quantifica-

tion of DA and DOPAC by HPLC with electrochemical detection, brain tissues

were homogenized in 40 volumes of the mobile phase, and detection was

essentially as described previously48.

Electrophysiological recordings from adult mouse brain slices. Coronal

midbrain slices (250 mm) of adult mice were sectioned after intracardial

perfusion with ice-cold sucrose–artificial cerebrospinal fluid (ACSF) (in mM:

50 sucrose, 75 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.1 CaCl2, 6 MgCl2,

and 2.5 glucose, oxygenated with 95% O2/5% CO2). After 90 min of recovery,

slices were transferred to a recording chamber and perfused continuously at

2–4 ml min–1 with oxygenated ACSF (2.5 mM glucose, 22.5 mM sucrose) at

36 1C. Fast excitatory and inhibitory synaptic transmission was inhibited by

20 mM CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) and 10 mM gabazine.

Labeled SN and VTA DA neurons were visualized by infrared–differential

interference contrast (IR-DIC) video microscopy and epifluorescence for

detection of retrobeads21. Whole-cell and perforated-patch recordings, data

acquisition and analysis were essentially as described22. Minimal subthreshold

slope conductances (Gmin) of DA neurons were determined by fitting the linear

slope conductance in the subthreshold range between –50 and –70 mV of

membrane currents in response to 1-s voltage ramps from –30 to –120 mV after

a 200-ms conditioning step to –30 mV. Concentration-conductance data for

rotenone (or MPP+) were fitted according to the Hill relationship:

G ¼ Gbase+ðGmax2GbaseÞ/ð1+ðEC50/½rotenone��nÞ

where n is the Hill coefficient and [rotenone] is the concentration of rotenone

in nM.

Laser microdissection. A photoablation and laser microdissection system with

fluorescence option (PALM) was used. Serial coronal cryosections (8–12 mm)

of mouse midbrains were cut using a Leica cryostat CM1850 and mounted on

RNAse-free ultraviolet light–treated membrane slides (1 mm polyethylene-

naphthalate membrane, PALM). Sections were fixed with ethanol (four washes

with 75%, 95% 100%, 100%, respectively), optionally stained with cresyl

violet in 100% ethanol, and dried. Fluorescence-labeled neurons were

visualized (63� objective) and marked under fluorescence illumination

(rhodamine filter, 555 nm excitation) and were cut and catapulted under

bright-field DIC microscopy. Individual neurons or cell pools were catapulted

directly into an adhesive cap (PALM). A mixture for cell lysis (0.5% Nonidet

P40, Roche Diagnostics, and 20 U SUPERaseIn, Ambion) and cDNA

synthesis was added directly into the lid, the tube was incubated upside-down

for 90 s at 65 1C, and the tube was quickly cooled on ice before adding

reverse transcriptase.

RT-PCR. cDNA synthesis and qualitative and quantitative real-time single-cell

PCR were essentially as described49. For multiplex PCR, HotstarTaq (Qiagen)

was used, and for nested PCR, RedTaq (Sigma) was used. Primer sequences for

SUR1, SUR2, calbindin D28k, TH, and GAD67 were as described25; primers for

GAD65 were 166-CATACGCAGACAGCACGTTT (F1), 1070-AAAAGATTCC

ATCGCCAGAG (R1), 606-GGGATGTCAACTACGCGTTT (F2), 994-CAC

AAATACAGGGGCGATCT (R2). For quantitative real-time PCR, a 10% aliquot

of cDNA from laser-microdissected cell pools was used for qualitative multiplex

nested PCR to confirm marker expression (TH and CBd28k for DA neurons)

and to exclude possible contamination by glial cells (as detected by glial

fibrillary acidic protein (GFAP) signal) or GABAergic neurons (as detected

by GAD65/GAD67 signals). All real-time Taqman assays were predesigned by

Applied Biosystems and labeled with FAM as a reporter and a nonfluorescent

quencher. Several assays were tested to choose those with the best performance

and reproducibility, as indicated by low standard deviation for replicates with

serial dilutions of control cDNA over four orders of magnitude for generation
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of standard curves49 This strategy was crucial for real-time single-cell

analysis. UCP-3 was routinely detected in mouse brain cDNA (standard curve:

slope ¼ –3.06, R2 ¼ 0.992) but not in DA neurons.

Statistics. All data are given as mean ± s.e.m. To evaluate statistical significance,

we used Student’s t-tests. Normal, parametric data were compared by a two-

tailed, unpaired t-test. A value of P o 0.05 was considered to be statistically

significant and is indicated by *.

Accession codes. GenBank: GAD65, NM_008078.1. Applied Biosystems

identifying assay identifiers: SUR1/ABCC8, Mm00803450_m1; SUR2/ABCC9,

Mm00441638_m1; Kir6.1/KCNJ8, Mm00434620_m1; Kir6.2/KCNJ11,

Mm00440050_s1; UCP-2, Mm00495907_g1, UCP-3, Mm00494074_m1.
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