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�-Synuclein overexpression (ASOX) drives the formation of toxic aggregates in neurons vulnerable in Parkinson’s disease (PD), includ-
ing dopaminergic neurons of the substantia nigra (SN) and cholinergic neurons of the dorsal motor nucleus of the vagus (DMV). Just as
these populations differ in when they exhibit �-synucleinopathies during PD pathogenesis, they could also differ in their physiological
responses to ASOX. An ASOX-mediated hyperactivity of SN dopamine neurons, which was caused by oxidative dysfunction of Kv4.3
potassium channels, was recently identified in transgenic (A53T-SNCA) mice overexpressing mutated human �-synuclein. Noting that
DMV neurons display extensive �-synucleinopathies earlier than SN dopamine neurons while exhibiting milder cell loss in PD, we aimed
to define the electrophysiological properties of DMV neurons in A53T-SNCA mice. We found that DMV neurons maintain normal firing
rates in response to ASOX. Moreover, Kv4.3 channels in DMV neurons exhibit no oxidative dysfunction in the A53T-SNCA mice, which
could only be recapitulated in wild-type mice by glutathione dialysis. Two-photon imaging of redox-sensitive GFP corroborated the
finding that mitochondrial oxidative stress was diminished in DMV neurons in the A53T-SNCA mice. This reduction in oxidative stress
resulted from a transcriptional downregulation of voltage-activated (Cav) calcium channels in DMV neurons, which led to a reduction in
activity-dependent calcium influx via Cav channels. Thus, ASOX induces a homeostatic remodeling with improved redox signaling in
DMV neurons, which could explain the differential vulnerability of SN dopamine and DMV neurons in PD and could promote neuropro-
tective strategies that emulate endogenous homeostatic responses to ASOX (e.g., stressless pacemaking) in DMV neurons.
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Introduction
The formation of �-synuclein-laden intracellular inclusions in
the brain, called Lewy pathologies (LPs), is a hallmark of Parkin-

son’s disease (PD; Lewy, 1912; Braak et al., 2004). Braak and
colleagues proposed that a subset of neuronal populations [e.g.,
vagal cholinergic motoneurons (DMVs), locus ceruleus (LC) ad-
renergic neurons, and substantia nigra (SN) dopamine neurons]
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Significance Statement

Overexpression of mutant �-synuclein causes Parkinson’s disease, presumably by driving neurodegeneration in vulnerable neu-
ronal target populations. However, the extent of �-synuclein pathology (e.g., Lewy bodies) is not directly related to the degree of
neurodegeneration across various vulnerable neuronal populations. Here, we show that, in contrast to dopamine neurons in the
substantia nigra, vagal motoneurons do not enhance their excitability and oxidative load in response to chronic mutant
�-synuclein overexpression. Rather, by downregulating their voltage-activated calcium channels, vagal motoneurons acquire a
stressless form of pacemaking that diminishes mitochondrial and cytosolic oxidative stress. Emulating this endogenous adaptive
response to �-synuclein overexpression could lead to novel strategies to protect dopamine neurons and perhaps delay the onset of
Parkinson’s disease.
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acquires these LPs in a stereotypical tem-
poral order ranging from premotor stages
(DMV) to full clinical PD (Stage III),
where loss of SN dopamine neurons is suf-
ficient to cause the classical, levodopa-
responsive motor symptoms (Braak et al.,
2004; Seidel et al., 2015). Why certain
neuronal populations are the targets of
LPs and how this translates to different
degrees of neurodegeneration is still not
understood. Apart from sharing some po-
tential morphological risk features (e.g.,
extraordinarily long nonmyelinated ax-
onal arbors; Braak et al., 2004; Bolam and
Pissadaki, 2012; Pissadaki and Bolam,
2013), these neuronal populations also
share a metabolically costly electrophysi-
ological phenotype, which is character-
ized by autonomous pacemaker firing,
during which large amounts of activity-
driven calcium enters the neuron via volt-
age activated (Cav) calcium channels
(Surmeier et al., 2011). Given the low cy-
tosolic calcium buffering in DMV neu-
rons, calcium ions are readily taken up by
the mitochondria, where they elevate oxi-
dative stress, as monitored by optical redox
sensors, such as mitochondrial targeted re-
dox-sensitive GFP (mito-roGFP; Dooley et
al., 2004; Guzman et al., 2010; Surmeier et
al., 2011; Goldberg et al., 2012; Sanchez-
Padilla et al., 2014). It is currently an open
question whether this precarious electrical
phenotype shared by vulnerable neurons
has a physiological function [e.g., by allowing fast switching between
tonic and burst states in vivo (Paladini and Roeper, 2014)]. Because
there is ample evidence that LPs or �-synuclein overexpression
(ASOX) are linked to elevated levels of oxidative stress (Hsu et al.,
2000; Goedert, 2001; Sherer et al., 2001; Parihar et al., 2008), it
might—by escalating the already high levels of activity-driven oxi-
dative stress or possibly by potentiating Cav channels (Adamczyk
and Strosznajder, 2006; Hettiarachchi et al., 2009)—have a par-
ticularly detrimental impact on these pacemaker neurons by
combining innate (i.e., electrical phenotype) with acquired vulnera-
bilities due to toxic �-synuclein aggregates.

In accordance with this scheme, a recent study showed that
mutant ASOX exacerbates the “stressful pacemaking” of SN do-
pamine neurons by speeding up their firing both in vivo and in
vitro (Subramaniam et al., 2014). For SN dopamine neurons in
middle-aged A53T-SNCA mice, this elevated discharge was
caused by oxidative dysfunction of Kv4.3 channels, which nor-
mally dampens the pacemaker rate (Liss et al., 2001). In that

study, the Kv4.3 protein was upregulated in the membrane of SN
dopamine neurons in A53T-SNCA mice, indicating an incom-
plete homeostatic response aimed at reducing the �-synuclein-
driven hyperactivity. However, the role of Cav channels was not
investigated. In another study, transduction of cultured dopa-
mine cells with preformed fibrils of �-synuclein led to elevated
dendritic oxidative stress dependent on calcium flux via Cav
channels (Dryanovski et al., 2013).

Motoneurons of the DMV are among the first cells to exhibit
LPs (Lewy, 1912; Braak et al., 2004), suggesting that they are
among particularly vulnerable neuronal populations. However,
compared with the early onset and large extent of the LPs, the
30% cell loss (i.e., neurodegeneration) is relatively mild (Eadie,
1963; Seidel et al., 2010) and stands in stark contrast to the fast—
and in some subregions almost complete—loss of SN dopamine
neurons (Kordower et al., 2013). To test whether DMV neurons
respond differently to a chronic challenge of mutant �-synuclein
protein, we studied the electrophysiological properties of DMV
neurons, the biophysics of Kv4.3 and Cav channels, and the redox
state of DMV neurons in transgenic A53T-SNCA mouse models.

Materials and Methods
Slice preparation. Experimental procedures adhered to and received prior
written approval from the Hebrew University Institutional Animal Care
and Use Committee and from the German Regierungspräsidium Darm-
stadt. Experiments were conducted on two mouse lines that overexpress
the mutated human �-synuclein (A53T-SNCA) gene and their age-
matched wild-type littermate controls. Measurements of the glutathione
(GSH) rescue of Kv4.3-channel activity were conducted on 6 – 8-month-
old A53T-SNCA mice (Fig. 1, A53T-SNCANbm) of both sexes on the
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Figure 1. �-Synuclein overexpression in cholinergic neurons of the DMV in A53T-SNCA mice. A, Human �-synuclein immuno-
histochemistry in coronal slices of the caudal brainstem in wild-typeNbm (left) and A53T-SNCANbm (right) mice. Nbm subscript
denotes the modified Nussbaum model (Gispert et al., 2003; Subramaniam et al., 2014). XII n., Hypoglossal nucleus B. Human
�-synuclein (green) and ChAT (red) immunohistochemistry in DMV in wild-typeVle (left) and A53T-SNCAVle (right) mice. Vle
subscript denotes the Lee model (Giasson et al., 2002). C, Optical density measurements of the immunointensity of �-synuclein
(green) expression within regions of interest determined from the ChAT (red) expression (dotted region is for illustration) reveals
a rightward shift in the distribution of immunointensity values from A53T-SNCA relative to wild-type DMV neurons.
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C57BL/6J background, backcrossed for �6 generations from the original
FVN background (Gispert et al., 2003; Subramaniam et al., 2014). Ani-
mals were deeply anesthetized with intraperitoneal injections of ket-
amine (200 mg/kg)–xylazine (23.32 mg/kg) and perfused transcardially
with ice-cold modified artificial CSF (ACSF) oxygenated with 95%
O2–5% CO2 and containing the following (in mM): 2.5 KCl, 125 NaCl, 25
NaHCO3, 1.25 Na2HPO4, 0.1 CaCl2, 6.2 MgSO4, 2.5 glucose, 2.96
kynurenic acid, and 50 sucrose. The cerebellum, pons, and medulla were
rapidly removed, blocked in the coronal plane, and sectioned at a thick-
ness of 240 �m in ice-cold modified ACSF. Slices were then submerged in
ACSF, bubbled with 95% O2–5% CO2, and containing the following (in
mM): 2.5 KCl, 125 NaCl, 25 NaHCO3, 1.25 Na2HPO4, 2 CaCl2, 2.1
MgSO4, 2.5 glucose, and 22.5 sucrose. Slices then were stored at 36°C
for �90 min before recording. All the remaining experiments were con-
ducted on 3– 8-month-old or 11–15-month-old homozygous A53T-
SNCA mice (Line M83; Fig. 1, A53T-SNCAVle; RRID:IMSR_JAX:
004479) of both sexes on the C57BL/C3H background (Giasson et al.,
2002). Animals in the older age group were used regardless of whether
they exhibited motor abnormalities or not. All procedures were identical
except that (1) the ice-cold modified ACSF in these experiments con-
tained the following (in mM): 2.5 KCl, 26 NaHCO3, 1.25 Na2HPO4, 0.5
CaCl2, 10 MgSO4, 0.4 ascorbic acid, 10 glucose, and 210 sucrose; and (2)
the ACSF in these experiments contained the following (in mM): 2.5 KCl,
126 NaCl, 26 NaHCO3, 1.25 Na2HPO4, 2 CaCl2, 2 MgSO4, and 10
glucose.

Slice visualization and electrophysiology. The slices were transferred to
the recording chamber mounted on an upright Zeiss Axioskop fixed-
stage microscope and perfused with oxygenated ACSF at 32°C. A 60�,
0.9 numerical aperture water-immersion objective was used to examine
the slice using standard infrared differential interference contrast video
microscopy. Patch pipette resistance was typically 3– 4.5 M�. For whole-
cell current-clamp recordings and for voltage-clamp measurements of
sodium conductances, the pipette contained the following (in mM): 135.5
KCH3SO3, 5 KCl, 2.5 NaCl, 5 Na-phosphocreatine, 10 HEPES, 0.2
EGTA, 0.21 Na2GTP, and 2 Mg1.5ATP, pH 7.3 with KOH (280 –290
mOsm/kg). For whole-cell voltage-clamp recordings of calcium cur-
rents, the pipette contained the following (in mM): 111 CsCH3SO3, 12.5
CsCl, 1 MgCl2, 0.1 CaCl2, 10 HEPES, 1 EGTA, 0.21 Na2GTP, and 2
Mg1.5ATP, pH 7.3 with CsOH (280 –290 mOsm/kg). For the whole-cell
voltage-clamp recordings of the Kv4.3 currents, the pipette contained the
following (in mM): 135 K-gluconate, 5 KCl, 2 MgCl2, 10 HEPES, 0.1
EGTA, 1 Li2GTP, 5 Na2ATP, pH 7.35 with KOH (270 –300 mOsm/kg).
Pipette solutions containing an additional 10 mM GSH were dialyzed into
DMV neurons in the whole-cell configuration for testing redox modula-
tion of Kv4.3 channels. Electrophysiological recordings were obtained
with a Multiclamp 700B amplifier (Molecular Devices) or EPC-10
(HEKA). Signals were digitized at 20 –100 kHz and logged onto a per-
sonal computer with the Signal 6 (Cambridge Electronic Design),
pClamp9 (Molecular Devices; RRID:SCR_011323), or Patchmaster
(HEKA; RRID:SCR_000034) software.

Unilateral injection of recombinant adeno-associated viral-mediated
vector. Mice were deeply anesthetized with isoflurane in a nonrebreathing
system (2.5% induction, 1–1.5% maintenance) and placed in a stereo-
taxic frame (Kopf Instruments). Temperature was maintained at 35°C
with a heating pad, artificial tears were applied to prevent corneal drying,
and animals were hydrated with a bolus of injectable saline (10 ml/kg)
mixed with analgesic (5 mg/kg carpofen). A total amount of 400 nl of an
adeno-associated virus serotype 9 harboring a mitochondrial targeted
redox-sensitive GFP expression construct (AAV9-CMV-MTS-roGFP;
2.3 � 10 13 vg/ml; Guzman et al., 2010; Goldberg et al., 2012; Sanchez-
Padilla et al., 2014) was injected into the DMV under aseptic conditions.
After the injection, the needle was held in the brain for 5 more minutes
before it was slowly retracted. All injections were performed using a
microsyringe with a stainless steel needle (35 ga; WPI). The coordinates
of the injection were as follows: anteroposterior, �7.5 mm; mediolateral,
�0.33 mm; and dorsoventral, �4.45 mm, relative to bregma using a flat
skull position (Paxinos and Franklin, 2004).

Wide-field calcium imaging. Pipette solutions contained the following
(in mM): 130 K-gluconate, 6 KCl, 8 NaCl, 10 HEPES, 2 Mg1.5ATP, 0.05

fluo-4, pH 7.3 with KOH (280 –290 mOsm/kg). After rupture of the
membrane patch, �5 min were allowed for equilibration of the indicator
between the electrode and the somatic cytoplasm. Optical measurements
were made using illumination at 470 nm (Mightex) and a cooled
electron-multiplying CCD (Evolve 512 Delta, Photometrics). Pixel size
was 0.4 �m and 2 � 2 binning was used to achieve high frame rates.
Autofluorescence was corrected by subtracting the fluorescence level of a
nearby region not containing any indicator-labeled process. Optical and
electrophysiological data were obtained using custom-made Winfluor
software (John Dempster, University of Strathclyde, UK).

Two-photon laser scanning microscopy. The two-photon excitation
source was a Chameleon Ultra 2 tunable laser system (680 –1080 nm;
Coherent). Optical signals were acquired using a 920 nm excitation beam
to excite the roGFP fluorescence. The roGFP emission (490 –560 nm)
was detected by the Zeiss LSM 7 multiphoton system. We collected �60
frames of the roGFP signal (1.5– 4 frames per second) in a single optical
plane traversing the somata of the DMV neurons to determine the base-
line fluorescence ( F) of the cell. At the end of all experiments, 2 mM

dithiothreitol (DTT) was applied for 10 min to reduce the mitochondria
fully so as to measure the maximal fluorescence (FDTT), followed by 400
�M Aldrithiol (Ald) for 45 min to fully oxidize the mitochondria, so as to
determine the minimal fluorescence (FAld). The relative oxidation was
then calculated as (FDTT � F )/(FDTT � FAld) (Goldberg et al., 2012).

Immunohistochemistry. Tissue preparation and the staining protocols
were performed as described previously (Chiu et al., 2014). Briefly, ani-
mals were deeply anesthetized and perfused transcardially with 0.1 M

phosphate buffer (PB) following ice-cold 4% PFA. Coronal sections of
the DMV were cut at 30 �m on a cryostat microtome (Leica CM1950) in
antifreeze buffer (1:1:3 volume ratio of ethyl glycerol, glycerol, and 0.1 M

PB) and stored at �20°C before further analysis. The sections were pre-
incubated in 5% normal horse serum and 0.3% Triton X-100 in 0.1 M PB
for 40 min after washing steps, and incubated overnight at 4°C with the
primary antibodies [goat anti-choline acetyltransferase (ChAT), 1:100
(Millipore; RRID:AB_262156); mouse anti-human �-synuclein, 1:1000
or 1:5000 (Thermo Fisher Scientific, RRID:AB_1954821); rabbit anti-rat
Kv4.3 (1:1000; Alomone Labs, RRID:AB_2040178)]. On the second day,
sections were incubated with fluorophore-conjugated species-specific
secondary antibodies [donkey anti-mouse/anti-goat/anti-rat; 1:1000
(Abcam)] for 2 h at room temperature. Brain sections were rinsed in
PBS and directly coverslipped by fluorescent mounting medium
(Vectashield, Vector Laboratories). Multilabeling fluorescent immunos-
tainings of juxtacellularly filled neurons were analyzed using a laser-
scanning microscope (LSM 510 Meta, Zeiss, or Fluoview FV1000,
Olympus) using either a 10�/0.3 numerical aperture or a 60�/1.4 nu-
merical aperture differential interference contrast lens (10� zoom). For
semiquantitative optical density analysis of the human �-synuclein
transgene expression in DMV neurons, we used ImageJ software (http://
rsbweb.nih.gov/ij/) to determine the mean immunosignal intensities of
ChAT-positive regions of interest in the brainstem slices. We used three
confocal slices through the DMV from each mouse with a total of three
wild-type and three A53T-SNCA mice for the analysis. Each confocal
slice was a collapsed z-stack of 10 adjacent 1-�m-thick optical slices
chosen so that they arose primarily from within individual DMV neu-
rons. Thus, while it is not possible to rule out the possibility that some of
the fluorescence arises from other processes (e.g., glia), the majority of
the signal is confined to ChAT-immunopositive neuronal somatoden-
dritic domains in the DMV.

RNA extraction from mouse brain slices. The DMV was microdissected
out from 240-�m-thick brain slices. RNA extraction, cDNA synthesis,
qPCR, and primer design were described previously (Cooper et al.,
2015). The data were obtained using Bio-Rad CFX Manager 3.0 software.
Also, for each primer pair, a dilution curve was created to calculate
primer efficiency, which was then used to recalculate the expression re-
sults. Fixed values were normalized to the neuronal-specific TUBB3 as a
neuronal marker.

Drugs and reagents. For recording of autonomous discharge, we used a
mixture of synaptic receptor blockers containing the following (in �M):
50 D-APV, 5 NBQX, 10 SR 95531, 1 CGP 55845, 10 mecamylamine, and
10 atropine. Voltage-activated sodium channels were blocked with 1 �M

Lasser-Katz et al. • �-Synuclein in DMV Neurons J. Neurosci., January 4, 2017 • 37(1):47–57 • 49



tetrodotoxin (TTX). Cav currents were antagonized with 1.8 mM cobalt
(Goldberg et al., 2012). The acute effects of solution exchanges or drug
applications were measured �5 min after wash on. TTX was obtained
from Alomone Labs. Calcium indicators (fluo-4) were acquired from
Invitrogen. The other drugs and reagents were obtained from Tocris
Bioscience or Sigma-Aldrich.

Data and statistical analysis. Electrophysiological data were analyzed
and curve fitting was done using custom-made code on custom-made
(Winfluor, Dr. John Dempster, University of Strathclyde; NUPver, Nich-
olas Schwarz, Northwestern University; oscilloscope, Dr. Charles Wil-
son, University of Texas at San Antonio) and commercial (Matlab,
Mathworks; RRID:SCR_001622) software. The two-tailed Wilcoxon
rank-sum test (RST) was used to test for changes of medians in two
independent sample comparisons. The two-tailed Wilcoxon signed-rank
test was used to test for changes of medians in matched-paired compar-
isons. ANCOVA was used to compare (1) the availability of voltage-
activated sodium (Nav) channels in A53T-SNCA versus wild-type mice
by measuring the dependence of maximal dV/dt of the action potential
voltage trajectory on action potential number during a burst of 10 spikes;
and (2) the percent change in Kv4.3 currents as a function of time since
the beginning of intracellular dialysis with GSH. The null hypotheses
were rejected if the P values were �0.05.

Results
Autonomous firing rates of DMV neurons are unchanged in
A53T-SNCA mice
Immunohistochemical studies of coronal sections of the caudal
brainstem revealed expression of mutant human �-synuclein in
the DMV of transgenic A53T-SNCA mice, but not in their corre-
sponding wild-type littermates (Fig. 1). Double staining for
ChAT demonstrated that the mutant human protein is expressed
in somata of DMV neurons (Fig. 1B), and in some case even more
strongly in processes other than those of neuronal cell bodies
(Fig. 1C, left). Nevertheless, quantitative optical density measure-
ments reveal a 45-fold increase in the mean �-synuclein immu-
nointensity in the somata of cholinergic motoneurons of the
DMV from A53T-SNCA mice relative to wild-type mice (Fig. 1C,
right), meaning that there is significant overexpression of
�-synuclein in cholinergic DMV neurons only in the transgenic
mouse. DMV neurons from either wild-type or A53T-SNCA
mice recorded in the loose-patch or cell-attached modes (which
do not disrupt the intracellular milieu and therefore preserve the
autonomous firing patterns) in the presence of a mixture of glu-
tamatergic, GABAergic, and cholinergic receptor antagonist
demonstrated that the autonomous firing rate of DMV neurons
was unaffected by ASOX (wild-type median: 1.21 spikes/s, n �
28; A53T-SNCA median: 1.28 spikes/s, n � 21; p � 0.99, RST; Fig.
2A). The dominant inward current activated in the subthreshold
voltage range that drives autonomous pacemaking in DMV neu-
rons is the persistent sodium current, which is significantly larger
than the Cav1 calcium or the hyperpolarization/cyclic nucleotide
gated cation (HCN) currents in these neurons (Goldberg et al.,
2012). Direct measurement of the TTX-sensitive persistent so-
dium current in these neurons in A53T-SNCA mice (n � 7 neu-
rons) versus wild-type mice (n � 7 neurons) demonstrated that it
did not differ between the genotypes (p � 0.6, ANCOVA; Fig.
2B). This finding can therefore explain the lack of difference in
the autonomous firing rates of DMV neurons between the two
genotypes.

To determine whether ASOX might affect other aspects of the
excitability of DMV neurons, we recorded their firing patterns in
the whole-cell configuration. DMV neurons fired autonomously
in the whole-cell configuration (Fig. 2C, left, black trace), as pre-
viously reported (Goldberg et al., 2012; Cooper et al., 2015).
Long hyperpolarizing currents elicited the typical voltage sag,

Figure 2. Firing properties of DMV neurons in A53T-SNCA mice. A, Left, Loose-patch record-
ing of autonomous firing of DMV neurons in wild-type (wt; gray trace) and A53T-SNCA mice.
Right, Distribution of autonomous DMV neurons firing rates in both genotypes (wild type: n �
28 neurons; A53T-SNCA: n � 21 neurons). B, Measurement of the persistent TTX-sensitive
current in DMV neurons in response to long subthreshold voltage pulses reveals no difference
between wild-type (gray, n � 7 neurons) and A53T-SNCA (black, n � 7 neurons) mice. C, Left,
Whole-cell recording of the autonomous firing pattern (black trace) or in response to depolar-
izing (dark gray trace) and hyperpolarizing (light gray trace) pulses in a DMV neuron from an
A53T-SNCA mouse. Middle, f–I curve of the cell depicted on the right, using the reciprocal of the
first interspike interval. Straight line, Fit of the initial slope (gain) of the f–I curve. Right, Distri-
bution of the gain of f–I curves from wild-type (n � 25) and A53T-SNCA (n � 21) neurons. D,
Left, DMV neuron action potential waveform (during autonomous firing) in wild-type (gray
trace, n � 10 neurons) and A53T-SNCA mice (black trace, n � 16 neurons). Right, Distributions
of voltage threshold and width of action potentials in DMV neurons from wild-type (gray, n �
10 neurons) and A53T-SNCA mice (black, n � 15 neurons). E, Left, Voltage ( V) and derivative of
voltage (dV/dt,) trajectories in response to current injections that elicit 10 action potentials in an
800 ms interval. Distribution of the maximal dV/dt as a function of action potential number (n)
normalized by the max dV/dt value of the first action potential reveals that Nav-channel avail-
ability is significantly larger for the A53T-SNCA mice (wild type: n � 19 neurons; A53T-SNCA:
n � 19 neurons). In B and E, the medians of each measurement are presented with confidence
intervals given by 50% � (1 	 1/
k) percentiles where k is the sample size.
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attributable to the HCN current, followed by the slow ramp up to
voltage threshold, attributable to the A-type Kv4.3 potassium
current (Fig. 2C, left, light gray trace). Long depolarizing currents
sped up the cells and elicited a slow afterhyperpolarization
(sAHP, Fig. 2C, left, dark gray trace; Sah and McLachlan, 1991;
Hocherman et al., 1992; Goldberg et al., 2012). Measurement of
the frequency–intensity ( f–I) curve, using the reciprocal of the
first interspike interval (Fig. 2C, middle), demonstrated that the
firing rate initially rose linearly with current. However, the initial
slope (gain) of the f–I curve did not differ between wild-type and
A53T-SNCA neurons (wild-type median: 0.340 spikes/s/pA, n �
25; A53T-SNCA median: 0.367 spikes/s/pA, n � 21; p � 0.85,
RST; Fig. 2C, right).

Availability of Nav channels is elevated in A53T-SNCA mice
Measurement of the trajectory of individual action potentials
revealed that the voltage threshold of DMV neurons was slightly
hyperpolarized in the A53T-SNCA mice (wild-type median:
�36.2 mV, n � 10; A53T-SNCA median: �38.5 mV, n � 16; p �
0.04, RST), whereas the width of the action potential was un-
changed (amplitude �70 mV; wild-type median: 3.35 ms, n � 10;
A53T-SNCA median: 3.13 ms, n � 15; p � 0.35, RST; Fig. 2D). A
hyperpolarized action potential voltage threshold is usually in-
dicative of a higher degree of Nav-channel availability, which is
also echoed in a steeper rate of rise of voltage (dV/dt) during the
action potential upswing (Fig. 2D, left). A more sensitive bio-
physical measure of Nav-channel availability is the reduction in
the maximal dV/dt during a train of action potentials (Hon-
deghem, 1978; Strichartz and Cohen, 1978; Fleidervish et al.,
2008). Applying this technique, we found that the maximal dV/dt
undergoes a smaller reduction during a train of action potentials
in DMV neurons from A53T-SNCA mice compared with DMV
neurons from wild-type littermate mice (wild-type n � 19 cells;
A53T-SNCA n � 19 cells; p � 0.04, ANCOVA; Fig. 2E).

ASOX prevents oxidative dysfunction of Kv4.3 channels in
DMV neurons
Because Nav-channel availability is elevated in reduced environ-
ments (Fukuda et al., 2005; Nakajima et al., 2010), our finding
raises the intriguing possibility that the cytosol of DMV neurons
in A53T-SNCA neurons is actually reduced relative to that of
wild-type mice. If this is true, it could mean that Kv4.3 channels
that give rise to a prominent A-type potassium current in DMV
neurons (Yarom et al., 1985; Sah and McLachlan, 1992; Cooper et
al., 2015) do not suffer the same oxidative impairment that re-
duces their amplitude in SN dopamine neurons in A53T-SNCA
mice (Subramaniam et al., 2014). Immunohistochemical studies
of Kv4.3 expression revealed strong expression in the DMV of
both wild-type and A53T-SNCA mice (Fig. 3A). In contrast to SN
dopamine neurons, where the Kv4.3-mediated A-type currents
were impaired in the A53T-SNCA mice relative to the wild-type
mice (Subramaniam et al., 2014), we found that Kv4.3 currents in
DMV neurons from A53T-SNCA and wild-type mice showed no
differences in amplitude (calculated by fitting a sigmoidal to the
peak current as a function of voltage; wild-type median: 947 pA,
n � 9 cells; A53T-SNCA median: 1171 pA, n � 9 cells; p � 0.86,
RST; data not shown) or voltage-dependent gating (Fig. 3B).

In SN dopamine neurons, intracellular dialysis of the antiox-
idant GSH (10 mM) rescued the impaired Kv4.3-mediated A-type
currents in the A53T-SNCA mice (Subramaniam et al., 2014).
Surprisingly, we found that intracellular dialysis of GSH in-
creased the amplitude of the A-type currents in wild-type DMV
neurons by �60% (n � 6 cells, Fig. 3C, gray marks), which is

indicative of a reversible oxidative dysfunction of Kv4.3 channels
in these neurons under baseline conditions. In contrast, we found
no evidence for oxidative dysfunction of Kv4.3 channels in DMV
neurons from A53T-SNCA mice, because intracellular dialysis of
10 mM GSH did not alter the amplitude of A-type currents (n � 7
cells, Fig. 3C, black marks). The responses in the two genotypes to
GSH dialysis differed significantly from each other (p � 10�9,
ANCOVA).

Basal mitochondrial oxidative stress is reduced in DMV
neurons in A53T-SNCA mice
The fact that GSH failed to rescue of Kv4.3 currents suggests that
oxidative stress is reduced in DMV neurons from A53T-SNCA mice.
To monitor oxidative levels directly in DMV neurons, we stereotaxi-
cally injected an adeno-associated virus serotype 9 harboring the
mitochondrial-targeted, redox-sensitive GFP expression construct
(AAV9-CMV-mito-roGFP) into the DMV of 7–11-month-old
A53T-SNCA mice and their littermate controls (Fig. 4A). Two weeks
following transfection, we used two-photon laser scanning micros-
copy (2PLSM) to image the level of mito-roGFP fluorescence in
vagal motoneurons in coronal slices of DMVs. The relative oxidiza-
tion level of each neuron was calibrated at the end of each experi-
ment by comparing it to the levels of fluorescence attained with
strong reducing and oxidizing agents (Goldberg et al., 2012).
The distribution of values—estimated using viral delivery of
mito-roGFP—of basal mitochondrial oxidative stress in DMV neu-
rons of wild-type mice matched the values estimated from trans-
genic mice expressing mito-roGFP in DMV neurons under the
CMV promoter (Fig. 4B, dotted boxplot; Goldberg et al., 2012).
Importantly, our analysis revealed that basal mitochondrial oxida-
tive stress in DMV neurons was significantly diminished in the
A53T-SNCA mice (wild-type median: 40.4%, n � 7 cells from N � 4
mice; A53T-SNCA median: 8.6%, n � 10 cells from N � 4 mice; p �
0.02, RST; Fig. 4B).

Downregulated Cav currents reduced activity-dependent
calcium levels in DMV neurons from A53T-SNCA mice
The degree of basal mitochondrial oxidative stress is dictated in
DMV neurons (Goldberg et al., 2012) as well as in other neurons
vulnerable in PD (Guzman et al., 2010; Surmeier et al., 2011;
Sanchez-Padilla et al., 2014) by calcium influx via Cav channels
during autonomous pacemaking. Therefore, finding a drastic re-
duction in basal mitochondrial oxidative stress in A53T-SNCA
mice predicts reduced activity-dependent calcium levels and Cav
currents in these mice relative to wild-type control mice. To com-
pare activity-dependent intracellular calcium levels in DMV neu-
rons from wild-type and A53T-SNCA mice, we used wide-field
somatic calcium imaging of DMV neurons loaded with 50 �M of
the fluorescent indicator, fluo-4 (Fig. 5A). Because the concen-
tration of intracellular calcium depends on the neurons’ firing
rates (Goldberg et al., 2012), we measured the increase in �F/F0

while injecting a series of long current pulses to first silence and
then activate the cells progressively faster (Fig. 5B; Cooper et al.,
2015). As shown previously (Goldberg et al., 2012; Cooper et al.,
2015), there is a robust linear relationship between �F/F0 and the
neuron’s firing rate (Fig. 5C). The slope of this linear relationship
was significantly reduced by �25% in A53T-SNCA relative to
wild-type mice [wild-type median: 0.104 (�F/F0)/(spikes/s), n �
19 cells from N � 3 mice; A53T-SNCA median: 0.078 (�F/F0)/
(spikes/s), n � 19 cells from N � 3 mice; p � 0.05, RST; Fig. 5C],
indicating that individual spikes contribute less to the basal cal-
cium levels in DMV neurons in the A53T-SNCA relative to wild-
type mice. This reduction in somatic calcium levels suggests that
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calcium currents via Cav channels, which are activated during
spiking, are reduced in DMV neurons from A53T-SNCA mice
relative to wild-type mice. To test this hypothesis, we measured
cobalt-sensitive calcium currents with fast voltage ramps (240
mV/s), and found that the mean Cav currents (wild-type, n � 6
cells; A53T-SNCA, n � 12 cells) were indeed significantly smaller
in 3– 8-month-old (nominally presymptomatic) A53T-SNCA
mice (the peak activation was reduced by more than half; Fig.
6A). In addition, the mean current waveform suggested that the
voltage gating of the Cav current was shifted to more depolarized
voltages (Fig. 6A). To quantify this effect at a cell-by-cell level, we
estimated the half activation of the Cav current in each cell indi-
vidually, and found that there was a significant rightward shift in
the activation curve of Cav currents in the A53T-SNCA mice
(wild-type median: �10.7 mV, n � 6 cells; A53T-SNCA median:
�6.1 mV, n � 10 cells; p � 0.025, RST; Fig. 6B). Measurement of
the average currents (data not shown) and half activation voltages
in DMV neurons from 12–15-month-old mice revealed the same
rightward shift (wild-type median: �13.3 mV, n � 4 cells from

N � 3 mice; A53T-SNCA median: �4.7 mV, n � 4 cells from
N � 3 mice; p � 0.03, RST; Fig. 6B).

A rightward shift in the Cav activation curve implies that with
each action potential there should be fewer channel openings and
therefore a smaller flux of calcium ions in the A53T-SNCA mice.
We used the action-potential clamp technique (Llinás et al., 1982;
Bean, 2007; Goldberg et al., 2012) to estimate the calcium charge
fluxed with each action potential (as the integral beneath the
curve of the cobalt-sensitive calcium action current; Fig. 6C), and
indeed found a reduction in this charge in the A53T-SNCA mice
(wild-type median: 2.36 pC, n � 6 cells; A53T-SNCA median:
1.49 pC, n � 16 cells; p � 0.04, RST; Fig. 6C, inset), compatible
with the reduction in the spike-triggered increases in calcium
levels reported above (Fig. 5).

Cav1.2 and Cav2.3 �1 subunit transcripts are downregulated
in A53T-SNCA mice
DMV neurons express a variety of Cav channels whose �1

subunits are mostly Cav1.2 or Cav2.3 (Cooper et al., 2015).

Figure 3. Glutathione (GSH) rescues Kv4.3 currents in DMV neurons in the wild-type but not the A53T-SNCA mice. A, Kv4.3 immunohistochemistry in DMV neurons in wild-type and A53T-SNCA
mice. B, Measurement of transient outward (A-type) potassium currents in whole-cell voltage-clamp recordings reveals that activation and inactivation of Kv4.3 channels is unchanged in A53T-SNCA
mice (n � 9 neurons) relative to wild-type controls (n � 9 neurons). C, Left, A-type current traces (in response to voltage steps to �40 mV as in the “activation” traces in B) during intracellular
dialysis of 10 mM GSH reveal a rescue of the current in the wild-type (gray traces) but not the A53T-SNCA (black traces) mice. The traces are measured at 10 s intervals. Right, Graph showing the relative
change of the median A-type potassium current during GSH dialysis on DMV neurons from control (gray circles, n � 6 neurons) and A53T-SNCA (black squares, n � 7 neurons) mice, respectively.
The lines represent an exponential fit of median control data and a linear fit for the median A53T-SNCA data, respectively. Confidence intervals are calculated as in Figure 2.
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Both these channels activate at slightly more hyperpolarized
potentials than the rest of the high-voltage-activated Cav2
channels (Regan et al., 1991; Tottene et al., 1996; Magistretti et
al., 2000; Lipscombe et al., 2004). We therefore hypothesized
that the rightward shift, as well as the overall reduction in the
current (Fig. 6A), could arise simply from a reduced expres-
sion levels of these subunits in the ASOX mice. Tissue level
quantitative RT-PCR analysis in the DMV (normalized to
neuronal markers) indeed revealed that transcripts of these
two �1 subunits were significantly downregulated in the
A53T-SNCA mice, while those of other Cav1 and Cav2 �1

subunits were not (Fig. 6D).

Discussion
�-Synuclein and selective vulnerability in PD
The causal role of �-synuclein in the pathogenesis of familial and
sporadic PD has been firmly established (Goedert et al., 2013).
Analysis of rare familial forms of PD identified either causal dom-
inant mutations in the gene coding for �-synuclein (e.g., A53T-
SNCA) or multiplications of the SNCA gene locus (Devine et al.,
2011). In addition, genome-wide association studies in large co-
horts of common sporadic forms of PD have demonstrated
highly significant (p � 10�60) associations between increased

risk for PD and certain single nucleotide polymorphisms (SNPs)
within SNCA (Simón-Sánchez et al., 2009). These SNPs are asso-
ciated with increased �-synuclein expression, which is in line
with Mendelian forms of PD, where an increased �-synuclein
load drives the disease process. There is also consensus that ag-
gregation of �-synuclein to toxic fibrils— enhanced by load, mu-
tations, and protein modifications—is a crucial step in PD
pathogenesis (Farrer, 2006).

What is less understood is how these �-synuclein-related pro-
cesses might manifest within the unique cellular context of each
neuronal population vulnerable in PD. For example dopamine,
its metabolites, and its transporters might exacerbate the toxic
effect of �-synuclein (Tabrizi et al., 2000; Lotharius and Brundin,
2002; Wersinger and Sidhu, 2003; Sidhu et al., 2004; Sulzer, 2010;
Oaks et al., 2013; Jain and Bhat, 2014; Jinsmaa et al., 2014; Tav-
assoly et al., 2014)—interactions unique to dopaminergic
neurons. Neuromelanin may also interact with �-synuclein del-
eteriously (Dias et al., 2013; Xu and Chan, 2015), a process that
may be relevant to LC neurons, as well. In summary, it is possible
that cell-specific interactions predispose various neuronal types
to divergent cell fates, which could explain why highly vulnerable
(e.g., SN dopamine or LC) neurons massively degenerate in re-

Figure 4. Basal mitochondrial oxidative stress is reduced in DMV neurons from A53T-SNCA mice. A, Confocal image of DMV neuron from a wild-type mouse expressing mito-roGFP 2 weeks after
viral transfection with the AAV9-CMV-mito-roGFP. B, The relative oxidization was estimated by measuring the resting fluorescence of the mitochondria using 2PLSM (in the somata surrounding the
nucleus) relative to post-treatment with strong reducing (2 mM dithiothreitol) and oxidizing (400 �M aldrithiol) agents. Basal mitochondrial oxidative stress is reduced in DMV neurons from
A53T-SNCA mice (green boxplot, n � 10 neurons) relative to DMV neurons from wild-type mice (black boxplot, n � 7 neurons). The distribution of relative oxidization in DMV neurons from
transgenic mice expressing mito-roGFP under the CMV promoter (dotted gray boxplot; Goldberg et al., 2012) is very similar to the distribution measured from the virally transfected wild-type mice
in the present study.

Figure 5. Spike-dependent calcium levels are reduced in DMV neurons in A53T-SNCA mice. A, A DMV neuron loaded with 50 �M fluo-4 for wide-field somatic calcium imaging. B, A sequence of
10-s-long current pulses from �20 pA to �60 pA, induces spiking at progressively higher rates in DMV neurons from wild-type (left) and A53T-SNCA (right) mice, which are accompanied by
increases in somatic calcium levels, as measured by increased �F/F0. C, Left, The linear dependence of �F/F0 on firing rate in the DMV neuron depicted in B (average of final 5 s during each current
step). Right, The distribution of the slope [(�F/F0)/(spikes/s)] of the linear relationship in A53T-SNCA (n � 19 neurons) and wild-type (n � 19 neurons) mice demonstrate that activity-dependent
calcium levels are significantly reduced in A53T-SNCA relative to wild-type mice.
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sponse to �-synucleinopathies while more resistant (e.g., DMV)
neurons do so to a lesser extent.

�-Synuclein and oxidative dysfunction in vulnerable neurons
Mouse models, in which the load of mutant or wild-type
�-synuclein expression can be experimentally regulated, can
prove useful in addressing the question of cell-type-specific ef-
fects of �-synuclein. Nevertheless, few studies have looked at the
physiological changes in defined neuronal populations in re-
sponse to ASOX. Two recently published in vivo studies on SN
dopamine neurons in ASOX mouse models offer conflicting re-
sults. Using a transgenic mouse model overexpressing human
wild-type �-synuclein on a background of a C57BL6 �-synuclein
knock-out mouse, Janezic and colleagues found �30% reduction
of in vivo mean firing frequencies in old mice (18 –22 months),
where a significant loss of SN dopamine neurons was already
present (Janezic et al., 2013). In contrast, Subramaniam and
colleagues reported a twofold increase of in vivo mean firing
frequencies in middle-aged (6 –10 months) but not younger (3
months) adults (Subramaniam et al., 2014). The latter study
also found that oxidative dysfunction of an A-type (Kv4.3)
potassium channel was an important element of �-synuclein-
induced hyperactivity. This finding is in agreement with other,

more acute in vitro studies showing that �-synuclein enhances
oxidative stress (Hsu et al., 2000; Sherer et al., 2001; Dry-
anovski et al., 2013).

In both SN dopamine neurons and vagal motoneurons, sub-
stantial calcium influx during autonomous pacemaking is suffi-
cient to generate basal mitochondrial oxidative stress (Guzman et
al., 2010; Goldberg et al., 2012). Multiple lines of evidence sup-
port the hypothesis that ASOX should elevate oxidative stress by
elevating calcium influx. For example, ASOX may directly poten-
tiate Cavs (Adamczyk and Strosznajder, 2006; Hettiarachchi et
al., 2009) or may increase calcium influx by elevating autono-
mous firing rates, which will invariably increase activity-
dependent calcium influx via Cav channels (Dryanovski et al.,
2013; Subramaniam et al., 2014). Alternatively, neurons possess
several homeostatic mechanisms controlling both synaptic and
intrinsic excitability to maintain their physiological firing range
even when challenged with stressors (Turrigiano, 2011; Dias et
al., 2013), meaning that elevation of firing could be prevented
and calcium currents could be kept at bay. Indeed, even SN do-
pamine neurons mount a partial homeostatic response to
�-synuclein-induced hyperactivity by elevating expression and
membrane delivery of Kv4.3 channels (Subramaniam et al.,
2014).

Figure 6. Cav channels are downregulated in DMV neurons in A53T-SNCA mice. A, Mean cobalt-sensitive Cav currents evoked with a voltage ramp in 3-month-old A53T-SNCA mice (red, n � 12
neurons) is reduced and shifted to the right relative to littermate wild-type (wt) mice (black, n � 6 neurons). B, Left, Fitting activation curves to individual cobalt-sensitive current measurements
yields their half-activation voltage (V1/2). Right, Distribution of half-activation voltages reveals a significant depolarization both in 3– 8-month-old presymptomatic (wild type, n � 6 neurons;
A53T-SNCA, n � 10 neurons) and 12–15-month-old symptomatic mice (wild type, n � 4 neurons; A53T-SNCA, n � 4 neurons). C, Cobalt-sensitive calcium action current evoked during an action
potential voltage clamp is reduced leading to a significant reduction in the calcium charge fluxed during the clamp (inset; wild type, n � 6 neurons; A53T-SNCA, n � 16 neurons). D, Neuronal Cav
channel �1 subunit mRNA expression normalized to TUBB3 in microdissected DMV from A53T-SNCA mice relative to wild-type controls (Cooper et al., 2015). The expression level is expressed in
percentages of the median value of expression of Cav1.2 �1 subunit mRNA in wild-type mice (leftmost boxplot).
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Our findings suggest that DMV neurons, in contrast to SN
dopamine neurons, are able to mount a successful homeostatic
response to significant overexpression of �-synuclein (as vali-
dated by immunohistochemistry), and that these neurons are
able to maintain their normal autonomously generated firing
rates in vitro both in young (nominally presymptomatic) and in
older adult mice. Interestingly, a recent study has reported a re-
duction in the autonomous firing rate of DMV neurons from
aging triple synuclein knock-out (����/�) mice (Machhada et
al., 2015). Our data demonstrate that the biophysical mechanism
of the homeostatic response that maintains the firing rate in
ASOX DMV neurons involved both Kv4.3 A-type channels,
which are prominent determinants of DMV neuron firing rates
(Cooper et al., 2015), and Cav channels, as explained presently.

Unlike its effect on SN dopamine neurons, GSH dialysis did
not rescue Kv4.3-channel activity in DMV neurons in the A53T-
SNCA mouse, indicating that the Kv4.3 activity was not impaired.
Moreover, GSH dialysis demonstrated that Kv4.3 channels were
impaired in wild-type DMV neurons, implying that not only did
ASOX not exacerbate oxidative stress; rather it significantly alle-
viated it in the A53T-SNCA mice. Furthermore, direct visualiza-
tion with 2PLSM of basal mitochondrial oxidative stress in DMV
neurons with the virally delivered mito-roGFP reporter demon-
strated that indeed oxidative stress was all but abolished in these
neurons in the A53T-SNCA mice.

Oxidative stress and calcium homeostasis in
vulnerable neurons
Given our previous study on the role of activity-dependent cal-
cium influx via Cav channels in generating basal mitochondrial
oxidative stress in DMV neurons (Goldberg et al., 2012), we
looked for changes in calcium signaling in these cells. We identi-
fied significantly smaller mean Cav currents in A53T-SNCA com-
pared with wild-type DMV neurons as early as 3 months after
birth, and at least until 15 months. We also noted that the voltage-
dependence of the mean Cav currents in A53T-SNCA DMV neu-
rons, to which several Cav-channel subtypes— known to be
coexpressed in DMV neurons (Cooper et al., 2015)— contribute.
These reduced calcium currents also lead to measurable reduc-
tions in activity-dependent cytosolic calcium levels in A53T-
SNCA DMV neurons. Comparative quantitative RT-PCR of the
microdissected DMV nucleus demonstrated significantly lower
mRNA levels of neuronal Cav1.2 and Cav2.3 �1 subunits in
A53T-SNCA compared with wild-type mice. If translated into a
matching reduction of functional Cav1.2 and Cav2.3 channel
complexes, this result explains the observed reduction and appar-
ent rightward shift of the global Cav currents (Regan et al., 1991;
Tottene et al., 1996; Magistretti et al., 2000; Lipscombe et al.,
2004).

In two recent studies (Goldberg et al., 2012; Cooper et al.,
2015), we characterized the specific effect of various Cav-channel
subunits on the autonomous firing of DMV neurons. We found
that while Cav1.3 channels can speed up pacemaking, Cav2.2 and
Cav1.2 channels slow down pacemaking presumably via their
coupling to the small-conductance calcium-activated potassium
current, and the current underlying the sAHP, respectively. Of
these three subunits, only Cav1.2 is downregulated in A53T-
SNCA DMV neurons, which might be expected to speed up their
autonomous firing rate. However, the role of Cav1.2 channels
was demonstrated by a paired comparison within individual
DMV neurons of the firing rate before and after complete block
of Cav1 currents (with 5 �M nifedipine; Cooper et al., 2015).
Therefore, it is possible that in the current study when comparing

A53T-SNCA versus wild-type DMV neurons, the expected small
effect of the downregulation of Cav1.2 channels on the autono-
mous firing rate of the former population (which was estimated
as an increase of the firing rate by 0.25 spikes/s), might have been
lost within the normal firing rate variability of DMV neurons in
both populations.

Antioxidative response in vagal motoneurons
overexpressing �-synuclein
In essence, we discovered that DMV neurons initiated an antioxi-
dative response upon chronic challenge with mutant �-synuclein
without obvious impairment of their function—at least vis-à-vis
in vitro pacemaking. This might explain why DMV neurons—
although a locus of very early �-synucleinopathy in PD— do not
degenerate at such an extent as the highly vulnerable SN dopa-
mine neurons, at least based on the small number of quantitative
human postmortem studies in the DMV (Eadie, 1963; Seidel et
al., 2010). The unexpected and overshooting protective remod-
eling of redox signaling in DMV neurons might be executed on
multiple levels ranging from changes in activity-mediated cal-
cium influx, via enhanced calcium extrusion and buffering, to
orchestrated transcriptional responses leading to an enhance-
ment of endogenous antioxidative defense mechanisms [e.g., ac-
tivation of the nuclear erythroid 2-related factor 2–antioxidant
response element pathway, which restores GSH levels (Lim et al.,
2014)]. The fact that the remodeling seems to be selective to
DMV neurons may depend on their cholinergic specification,
which in turn depends on the expression of brain region-specific
transcription factors that influence Cav expression and that may
be distinct from those present in SN dopamine neurons (Soreq,
2015). Deciphering the molecular details of this protective adap-
tation in DMV neurons might pave the way to novel treatments
that could emulate these changes in SN dopamine neuron, to
counter the tendency of ASOX to exacerbate their already high
innate oxidative stress. Antagonizing Cav channels with brain-
penetrant dihydropyridines, a treatment currently in a phase III
clinical trial (“STEADY-PD III”, ClinicalTrials.gov identifier:
NCT02168842), already follows the putative strategy of reducing
oxidative stress and slowing the degeneration of SN dopamine
neurons via manipulation of Cav channels. When challenged
with ASOX, DMV neurons appear to employ the same Cav-
current-reducing strategy by remodeling their biophysics toward
stressless pacemaking.
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brainstem pathologies of Parkinson’s disease and dementia with Lewy
bodies. Brain Pathol 25:121–135. CrossRef Medline

Sherer TB, Betarbet R, Greenamyre JT (2001) Pathogenesis of Parkinson’s
disease. Curr Opin Investig Drugs 2:657– 662. Medline

Sidhu A, Wersinger C, Vernier P (2004) alpha-Synuclein regulation of the

56 • J. Neurosci., January 4, 2017 • 37(1):47–57 Lasser-Katz et al. • �-Synuclein in DMV Neurons

http://dx.doi.org/10.1002/mds.23948
http://www.ncbi.nlm.nih.gov/pubmed/21887711
http://dx.doi.org/10.3233/JPD-130230
http://www.ncbi.nlm.nih.gov/pubmed/24252804
http://dx.doi.org/10.1074/jbc.M312847200
http://www.ncbi.nlm.nih.gov/pubmed/14985369
http://dx.doi.org/10.1523/JNEUROSCI.5311-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23761910
http://dx.doi.org/10.1093/brain/86.4.781
http://www.ncbi.nlm.nih.gov/pubmed/14090529
http://dx.doi.org/10.1038/nrg1831
http://www.ncbi.nlm.nih.gov/pubmed/16543934
http://dx.doi.org/10.1073/pnas.0803464105
http://www.ncbi.nlm.nih.gov/pubmed/19020082
http://dx.doi.org/10.1161/01.RES.0000195844.31466.e9
http://www.ncbi.nlm.nih.gov/pubmed/16284182
http://dx.doi.org/10.1016/S0896-6273(02)00682-7
http://www.ncbi.nlm.nih.gov/pubmed/12062037
http://dx.doi.org/10.1016/S1044-7431(03)00198-2
http://www.ncbi.nlm.nih.gov/pubmed/14572463
http://dx.doi.org/10.1038/35081564
http://www.ncbi.nlm.nih.gov/pubmed/11433374
http://dx.doi.org/10.1038/nrneurol.2012.242
http://www.ncbi.nlm.nih.gov/pubmed/23183883
http://dx.doi.org/10.1038/nn.3209
http://www.ncbi.nlm.nih.gov/pubmed/22941107
http://dx.doi.org/10.1038/nature09536
http://www.ncbi.nlm.nih.gov/pubmed/21068725
http://dx.doi.org/10.1111/j.1471-4159.2009.06411.x
http://www.ncbi.nlm.nih.gov/pubmed/19860837
http://dx.doi.org/10.1113/jphysiol.1992.sp019339
http://www.ncbi.nlm.nih.gov/pubmed/1293279
http://dx.doi.org/10.1016/S0006-3495(78)85439-3
http://www.ncbi.nlm.nih.gov/pubmed/667303
http://dx.doi.org/10.1016/S0002-9440(10)64553-1
http://www.ncbi.nlm.nih.gov/pubmed/10934145
http://dx.doi.org/10.1016/j.nbd.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24269918
http://dx.doi.org/10.1073/pnas.1309143110
http://www.ncbi.nlm.nih.gov/pubmed/24082145
http://dx.doi.org/10.1016/j.neulet.2014.03.016
http://www.ncbi.nlm.nih.gov/pubmed/24670480
http://dx.doi.org/10.1093/brain/awt192
http://www.ncbi.nlm.nih.gov/pubmed/23884810
http://dx.doi.org/10.1007/s00204-014-1338-z
http://www.ncbi.nlm.nih.gov/pubmed/25164826
http://dx.doi.org/10.1152/jn.00486.2004
http://www.ncbi.nlm.nih.gov/pubmed/15486420
http://dx.doi.org/10.1093/emboj/20.20.5715
http://www.ncbi.nlm.nih.gov/pubmed/11598014
http://dx.doi.org/10.1073/pnas.79.7.2415
http://www.ncbi.nlm.nih.gov/pubmed/6954549
http://dx.doi.org/10.1093/hmg/11.20.2395
http://www.ncbi.nlm.nih.gov/pubmed/12351575
http://dx.doi.org/10.1016/j.hrthm.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/26051529
http://dx.doi.org/10.1046/j.1460-9568.2000.00125.x
http://www.ncbi.nlm.nih.gov/pubmed/10947816
http://dx.doi.org/10.1016/j.yjmcc.2009.11.016
http://www.ncbi.nlm.nih.gov/pubmed/19962379
http://dx.doi.org/10.1371/journal.pone.0070872
http://www.ncbi.nlm.nih.gov/pubmed/23967127
http://dx.doi.org/10.1016/j.neuroscience.2014.07.032
http://www.ncbi.nlm.nih.gov/pubmed/25073045
http://dx.doi.org/10.1007/s00018-008-7589-1
http://www.ncbi.nlm.nih.gov/pubmed/18322646
http://dx.doi.org/10.3389/fncom.2013.00013
http://www.ncbi.nlm.nih.gov/pubmed/23515615
http://dx.doi.org/10.1016/0896-6273(91)90362-4
http://www.ncbi.nlm.nih.gov/pubmed/1847065
http://dx.doi.org/10.1016/0896-6273(91)90264-Z
http://www.ncbi.nlm.nih.gov/pubmed/1873029
http://www.ncbi.nlm.nih.gov/pubmed/1336045
http://dx.doi.org/10.1038/nn.3717
http://www.ncbi.nlm.nih.gov/pubmed/24816140
http://dx.doi.org/10.1002/ana.21966
http://www.ncbi.nlm.nih.gov/pubmed/20437567
http://dx.doi.org/10.1111/bpa.12168
http://www.ncbi.nlm.nih.gov/pubmed/24995389
http://www.ncbi.nlm.nih.gov/pubmed/11569943


dopaminergic transporter: a possible role in the pathogenesis of Parkin-
son’s disease. FEBS Lett 565:1–5. CrossRef Medline

Simón-Sánchez J, Schulte C, Bras JM, Sharma M, Gibbs JR, Berg D, Paisan-
Ruiz C, Lichtner P, Scholz SW, Hernandez DG, Krüger R, Federoff M,
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