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Neurobiology of Disease

Calcium Entry and a-Synuclein Inclusions Elevate Dendritic
Mitochondrial Oxidant Stress in Dopaminergic Neurons
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The core motor symptoms of Parkinson’s disease (PD) are attributable to the degeneration of dopaminergic neurons in the substantia
nigra pars compacta (SNc). Mitochondrial oxidant stress is widely viewed a major factor in PD pathogenesis. Previous work has shown
that activity-dependent calcium entry through L-type channels elevates perinuclear mitochondrial oxidant stress in SNc dopaminergic
neurons, providing a potential basis for their selective vulnerability. What is less clear is whether this physiological stress is present in
dendrites and if Lewy bodies, the major neuropathological lesion found in PD brains, exacerbate it. To pursue these questions, mesen-
cephalic dopaminergic neurons derived from C57BL/6 transgenic mice were studied in primary cultures, allowing for visualization of
soma and dendrites simultaneously. Many of the key features of in vivo adult dopaminergic neurons were recapitulated in vitro. Activity-
dependent calcium entry through L-type channels increased mitochondrial oxidant stress in dendrites. This stress progressively in-
creased with distance from the soma. Examination of SNc dopaminergic neurons ex vivo in brain slices verified this pattern. Moreover,
the formation of intracellular a-synuclein Lewy-body-like aggregates increased mitochondrial oxidant stress in perinuclear and den-
dritic compartments. This stress appeared to be extramitochondrial in origin, because scavengers of cytosolic reactive oxygen species or
inhibition of NADPH oxidase attenuated it. These results show that physiological and proteostatic stress can be additive in the soma and

dendrites of vulnerable dopaminergic neurons, providing new insight into the factors underlying PD pathogenesis.

Introduction

The core motor symptoms of Parkinson’s disease (PD) are attrib-
utable to the degeneration of substantia nigra pars compacta
(SN¢) dopaminergic neurons (Hornykiewicz, 1966; Riederer and
Wuketich, 1976). The biological basis for the preferential vulner-
ability of SNc dopaminergic neurons has been the subject of con-
siderable speculation (Sulzer, 2007; Surmeier et al., 2011; Bolam
and Pissadaki, 2012). One possibility is that the physiological
phenotype of these neurons is a contributing factor. For example,
calcium entry through L-type channels during autonomous spik-
ing increases the vulnerability of SNc dopaminergic neurons to
the toxins used to create animal models of PD (Chan et al., 2007).
This physiological activity also induces mitochondrial oxidant
stress (Guzman et al., 2010), which has long been suspected to be
a major factor in PD pathogenesis (Schapira, 2008). In brain
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slices from transgenic mice in which a mitochondrially targeted
redox-sensitive green fluorescent protein (mito-roGFP) was ex-
pressed under control of the tyrosine hydroxylase (TH) pro-
moter, it was found that activity-dependent calcium entry
through L-type channels significantly elevated mitochondrial ox-
idant stress. In contrast, mitochondrial oxidant stress was not
seen in neighboring, less vulnerable ventral tegmental area (VTA)
dopaminergic neurons, in which subthreshold calcium entry is
significantly less (Khaliq and Bean, 2010).

These studies focused on mitochondria in perinuclear re-
gions, not in dendrites. In dendritic regions, the relative magni-
tude of oscillations in cytosolic calcium concentration that is
attributable to L-type channels is substantially greater than in the
somatic region (Guzman et al., 2009). If calcium entry through
L-type channels drives mitochondrial oxidant stress, then this
stress should be higher in dendrites. Consistent with this hypoth-
esis, the dendrites of SNc dopaminergic neurons appear to be
particularly vulnerable to mitochondrial toxins and L-type chan-
nel antagonists diminish this vulnerability (Chan et al., 2007).
However, there have been no direct measurements of activity-
dependent mitochondrial oxidant stress in the dendrites of SNc
dopaminergic neurons.

Another form of stress thought to be important in PD is pro-
teostatic stress induced by Lewy bodies (LBs) that contain abnor-
mally aggregated a-synuclein (a-syn) (Spillantini et al., 1997;
Braak et al., 2004) (Moore et al., 2005; Desplats et al., 2009;
Volpicelli-Daley et al., 2011). LBs are found in the dendrites of
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SNc dopaminergic neurons in PD patients (Chu and Kordower,
2007). However, it is unclear whether proteostatic stress affects
mitochondrial oxidant stress.

The present study was designed to fill some of these gaps in
our understanding. The first set of experiments tested the hy-
pothesis that activity-dependent opening of L-type calcium
channels increases dendritic mitochondrial oxidant stress above
that seen in somata. This was accomplished using optical ap-
proaches in dissociated cultures derived from mice expressing
mito-roGFP under control of the TH promoter (Guzman et al.,
2010). In dissociated cultures, dendritic mitochondria could be
readily visualized and compared with somatic mitochondria. The
second set of experiments tested the hypothesis that proteostatic
stress created by a-syn LB-like inclusions increases dendritic mi-
tochondrial oxidant stress. These experiments took advantage of
the discovery that incubations of neurons with preformed fibrils
(pfts) of a-syn lead to the formation of inclusions that resemble
LBs (Volpicelli-Daley et al., 2011).

Materials and Methods

Cell culture. The handling of mice and all procedures performed on them
were approved by the institutional animal care and use committee and
were in accordance with the National Institutes of Health Guide to the
Care and Use of Laboratory Animals and Society for Neuroscience guide-
lines. Mesostriatal cocultures were prepared from 1- to 3-d-old C57BL/6
transgenic mice (Charles River Laboratories) of either sex expressing
either enhanced GFP (eGFP) or mito-roGFP under control of the TH
promoter. Pups were anesthetized with isoflurane and decapitated.
Brains were harvested in cold HBSS (Invitrogen). The entire mesenceph-
alon was removed from the brain with sterile razor blades. The ventral
mesencephalon was dissected using fine tweezers. For SNc cultures, the
two lateral parts of the ventral mesencephalon were microdissected in
Hibernate A medium (BrainBits) supplemented with 1xB27 (Invitrogen)
and 0.5 mM glutamine (Glu) (Invitrogen). For VTA cultures, the medial
part of the ventral mesencephalon was microdissected in Hibernate
A/1xB27/Glu medium. From the rest of the brain, the entire striatum was
also microdissected in Hibernate A/1xB27/Glu medium. All tissues were
digested with papain (Worthington Biochemical) at 37°C for 30 min
while shaking. Cells were dissociated and counted before midbrain and
striatum cells were mixed at a ratio of 1:1 and plated on 12 or 25 mm
coverglasses coated with polyethylenimine (Sigma) at a density of 1 X
10°/cm?. Cover glasses were placed in 24-well (12 mm) or 6-well (25
mm) plates containing Neurobasal A medium (Invitrogen) supple-
mented with 1X B27, 0.5 mum Glu, 50 ng/ml BDNF (PeproTech) and 30
ng/ml GDNF (Sigma). After the initial plating, one quarter of the me-
dium was exchanged with fresh Neurobasal A/1xB27/Glu medium with-
out BDNF and GDNF twice a week. Cultures were left in the incubator at
37°C at 5% CO, for at least 2 weeks to mature before the start of any
experiments.

Slicing preparation. Mice were anesthetized with a ketamine/xylazine
mixture, followed by a transcardial perfusion with ice-cold oxygenated
artificial CSF (ACSF) containing the following (in mm): 125 NaCl, 2.5
KCl, 25 NaHCO;, 1.25 NaH,PO,, 2 CaCl, 1 MgCl, and 25 dextrose, pH
7.3, osm 315-320 mOsm/L. After perfusion, mice were decapitated and
brains were rapidly removed and sectioned in ice-cold oxygenated ACSF
using a Vibratome (VT 1000S; Leica Microsystems). Midbrain slices (220
um) recovered in ACSF at 34°C for 30 min before experiments were
started (electrophysiology, calcium, and roGFP imaging).

Single-cell RT-PCR. Single-cell RT-PCR (scRT-PCR) was used to de-
termine the presence of mRNAs for TH, calbindin, and Cav1.3 subunits
in cultured neurons. Dopaminergic cells were identified by eGFP expres-
sion. Negative pressure was used to aspirate cytoplasmic content into a
pipette containing 276 pul of DEPC-treated water (Invitrogen), 12 ul of
MgCl,, and 12 pl of Rnase Out (Invitrogen). After aspiration, the pipette
was broken and contents ejected into a 0.5 ml Eppendorf tube containing
1.4 ul of DEPC-treated water, 25 mm MgCl, (0.5 ul), 10 mm ANTP (1.0
ul), 143 pg/ul BSA (0.7 ul), 0.5 pg/ul oligo(dT) (0.7 ul), 1.0 ul of
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random hexamer and 0.7 ul of Rnase Out for a total volume of 6 ul per
tube. Cell extracts were stored at —80°C until further use. For the RT
reaction, cell extracts were heated at 65°C for 5 min and placed in a master
mix containing 10X RT buffer (1.0 ul), MgCl, (1.5 ul), dithiothreitol (1.0
wl), Rnase Out (0.5 ul), and SuperScript II reverse transcriptase (1.0 ul) for
a total volume of 5 ul per cell. cDNA from the RT reaction was amplified
using PCR. The PCR master mix contained ionized water (14.46 ul), 5xTaq
buffer (6.0 ul), MgCl, (2.04 ul), dNTPs (1.0 ul), primers (1.5 ul each), Taq
(0.5 wl), and template (3 ul) for a total volume of 30 ul per cell. A total of 45
PCR cycles were run and samples were loaded and visualized on a 1.5%
agarose gel. The primers used were: Cavl.3-6078 (TGGACCGCTCA-
GAATCTA); Cavl.3-6357 (GCAGCACTTTCCATCTCGTCTA); TH-1415
(CAGGACATTGGACTTGCATCT); TH-1690 (ATAGTTCCTGAGCTTG
TCCTTG); Calbindin-766 (CGAAAGAAGGCTGGATTGGAGCTA);
Calbindin-1387 (GTTGTCCCCAGCAGAGAGAATAAGS).

Confocal imaging/anatomical reconstruction. Cultures were fixed with
4% paraformaldehyde/4% sucrose for 30 min. After several washes with
1xPBS) (Invitrogen), cultures were incubated at room temperature for
1 h with blocking solution containing 1xPBS, 5% normal donkey or goat
serum (Jackson ImmunoResearch Laboratories) and 0.1% Triton X-100
(Sigma). Cultures were incubated overnight in blocking solution at 4°C
with either rabbit anti-tyrosine hydroxylase antibody AB152 (1:2000;
Millipore) or rabbit anti-calbindin D-28K (calbindin 1) AB1778 (1:2000;
Millipore) primary antibodies. To visualize the Cav1.3 calcium channel,
cultures were incubated with mouse anti-Cav1.3 calcium channel anti-
body (1:500; NeuroMab). This antibody recognizes the L-type calcium
channel subunit a-1D. For the a-syn experiments, cultures were incu-
bated with mouse monoclonal antibody (mAb) 81A raised to phosphor-
ylated Ser129 in a-syn (1:5000; from the laboratory of V.M.-Y.L.;
Volpicelli-Daley et al., 2011). On the next day, cultures were washed
several times with 1xPBS and incubated in blocking solution at room
temperature for 2 h with Alexa Fluor 555 donkey anti-rabbit IgG (1:1000;
Invitrogen), or Alexa Fluor 555 goat anti-mouse IgG (1:1000, Invitro-
gen). Cultures were again washed several times with 1xPBS and mounted
on a microscope slide and allowed to dry overnight. Serial optical sec-
tions (Z-stacks) were acquired on a laser-scanning confocal microscope
(FV10i; Olympus) using a 60X/1.35 numerical aperture (NA) oil-
immersion objective (Olympus) with 0.4 um intervals. Images were
stored at 16-bit image depth at a resolution of 1024 X 1024 pixels. For the
Sholl analysis, cells were reconstructed and analyzed using the Neurolu-
cida/Neuroexplorer suite (MicroBrightField). Using Imaris X64 Version
7.1.1 (BitPlane Scientific Software), confocal images of the neurons were
reconstructed by creating isosurfaces representing the total intensity of
the fluorescence per pixel. The isosurface is a digital representation of the
fluorescence expression within a volume of space.

Electrophysiology. Cultures were transferred to a small-volume (<0.5 ml)
recording chamber that was mounted on a fixed-stage inverted microscope
(Diaphot 200; Nikon). Experiments were performed at 35-36°C. The re-
cording chamber was superfused with carbogen-saturated ACSF containing
the following (in mm): 125 NaCl, 3 KCl, 1.25 NaH,PO,, 25 NaHCO;, 1
MgCl,, 2 CaCl,, 25 D(+)-glucose, pH 7.4, osmolality ~310 mOsm/L. The
flow rate of 2-3 ml/min was running through an in-line heater (SH-27B with
TC-324B controller; Warner Instruments). Neuronal soma were visualized
using a 40X/0.5 NA objective (Modulation Optics). Recording patch elec-
trodes were prepared with a horizontal puller (model P-97; Sutter Instru-
ments) using borosilicate glass with filament (outer diameter 1.5 mm, inner
diameter 0.86 mm). For all voltage and current-clamp recordings, patch
electrodes (3.5-4.0 QM) were filled with internal solution containing the
following (in mm): 135 MeSO,, 5 KCl, 5 HEPES, 0.05 EGTA, 10
phosphocreatine-di(tris), 2 ATP-Mg, 0.5 GTP-Na, pH 7.25-7.30, osmolality
290-300 mOsm/L. Somatic eGFP expression was verified using epifluores-
cence microscopy to confirm cell identity before recording from each cell.
Somatic whole-cell patch-clamp recordings were obtained with a Multi-
Clamp 700A amplifier (Molecular Devices) interfaced to a Pentium-based
PC running pClamp10 (Molecular Devices). The signal for current-clamp
recordings was filtered at 1 kHz and digitized at 10 kHz with a Digidata
1322A (Molecular Devices).

Calcium imaging. Cultures were incubated in the dark at room tem-
perature for 30 min with 2 um fura-2 AM (K, 0.14 pm; Invitrogen)
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dissolved in HEPES-buffered ACSF containing the following (in mm):
125 NaCl, 3 KCl, 10 HEPES, 1 MgCl,, 2 CaCl,, 25 D(+)-glucose, pH 7.4,
osmolality ~310 mOsm/L. Cultures were washed three times with
HEPES-buffered ACSF and allowed to incubate at room temperature in
the dark for an additional 20-25 min to allow for the complete dye
de-esterification. Cultures were transferred to an imaging chamber
mounted on an inverted epifluorescence microscope (IX71; Olympus)
with xenon illumination. Cells were imaged using a cooled CCD camera
(I-PentaMax;, Princeton Instruments) connected to a Pentium-based PC
running MetaFluor imaging software (Molecular Devices). The imaging
chamber was superfused with HEPES-buffered ACSF at a flow rate of 2—3
ml/min. Experiments were done at room temperature with a 40X/1.35
NA oil-immersion objective (Olympus). Regions of interests (ROIs)
were chosen in the soma and at various distances along the dendrites. The
two excitation filters (340 and 380 nm) were mounted on a Lambda 102
filter wheel (Sutter Instruments), which allowed for rapid and accurate
switch between the two wavelengths. The emission was monitored at 520
nm. Ratiometric images (Fs,,/Fsg,) were taken every 3 s with exposure
time of 200 ms. Neurons were depolarized using high-potassium extra-
cellular HEPES solution containing the following (in mm): 115 NaCl, 10
KCl, 10 HEPES, 1 MgCl,, 2 CaCl,, 25 D(+)-glucose, pH 7.4, osmolality
~310 mOsm/L. For all experiments, drug stock solutions were prepared
in deionized water or DMSO and stored based on the manufacturer’s
manual. On the day of the experiments, stocks were diluted to final
concentration in ACSF to achieve a final solvent concentration of
<0.01% v/v.

Mitochondrial matrix redox measurements. Mesostriatal cocultures
generated from TH-mito-roGFP mice were transferred to an imaging
chamber on an inverted epifluorescence microscope (IX71; Olympus)
interfaced with a Pentium-based PC running MetaFluor imaging soft-
ware (Molecular Devices). Cells were imaged with a cooled CCD camera
(I-PentaMax; Princeton Instruments). The imaging chamber was super-
fused with carbogen-saturated ACSF containing the following (in mm):
125 NaCl, 3 KCl, 1.25 NaH,PO,, 25 NaHCO,, 1 MgCl,, 2 CaCl,, 25
D(+)-glucose, pH 7.4, osmolality ~310 mOsm/L at a flow rate of 2-3
ml/min. For the galactose experiments, D(+)-glucose was substituted
for the same concentration of D(+)-galactose (Amresco). All experi-
ments were done at 35-36°C. Cultures were left in the chamber for at
least 10 min before imaging was started to allow the cells to equilibrate to
the carbogen-saturated ACSF. Cells were imaged using a 40X/1.35 NA
oil-immersion objective (Olympus). Somatic and dendritic roGFP ex-
pression was verified using epifluorescence microscopy under xenon il-
lumination to confirm cell identity before imaging each cell. ROIs were
chosen in the soma and at various distances along the dendrites. For the
cyto-roGFP experiments, cultures were infected with an adenovirus ex-
pressing cytosolic roGFP under the CMV promoter. Adenovirus was
kindly provided by P.T.S. Experiments were performed 48 h after viral
infection. The two excitation filters (410 and 470 nm) were mounted on
a Lambda 10-2 filter wheel (Sutter Instruments), which allowed for
rapid and accurate switch between the two wavelengths. The emission
was monitored at 535 nm. Ratiometric images were taken every 60 s with
exposure times of 1500 ms. After each experiment, cells were fully re-
duced with 2 mM dithiothreitol (DTT) (Sigma) for 10 min and fully
oxidized with 1 mum tert-butyl hydroperoxide (Sigma) for another 10 min
to assess the dynamic range of the roGFP. The relative oxidation was then
expressed as a ratio ranging from 0 (no detectable oxidation) to 1 (fully
oxidized) (Guzman et al., 2010). In principle, this value should be inde-
pendent of expression level of mito-roGFP or optics.

Two-photon laser scanning microscope calcium imaging. For two-
photon laser scanning microscope calcium imaging (2PLSM), SNc¢ neu-
rons in tissue slices were loaded with Alexa Fluor 594 (20 wm; Invitrogen)
and Fluo-4 (200 um; Invitrogen) through the patch pipette. All experi-
ments were performed at 32-34°C. Images were acquired with a 60X 0.9
NA water-immersion lens. Dyes were allowed to equilibrate for at least
10 min before imaging. The two-photon excitation source was a
Chameleon-ultra2 tunable laser system (680-1080 nm) using a titanium:
sapphire gain medium with all-solid-state active components and a
computer-optimized algorithm to ensure reproducible excitation wave-
length, average power, and peak power (Coherent Laser Group). Optical
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signals were acquired using an 810 nm excitation beam (80 MHz pulse
repetition frequency and 250 fs pulse duration) to simultaneously excite
Alexa Fluor and Fluor-4 dyes. Laser power attenuation was achieved with
two Pockel cell electro-optic modulators (model 350—80; ConOptics).
The two cells were aligned in series to provide enhanced modulation
range for fine control of the excitation dose (0.1% steps over four de-
cades). The laser-scanned images were acquired using an Ultima Laser
Scanning Microscope system (Prairie Technologies)/ A Dodt-gradient
contrast detector system (Luigs & Neumann) was used to provide a
bright-field transmission image in registration with the fluorescent
images. The fluorescent emission was collected by external or non-
descanned photomultiplier tubes (PMTs). The green fluorescence (500 —
550 nm) was detected by a bi-alkali-cathode PMT, and the red
fluorescence (580—640 nm) was detected by a multi-alkali-cathode (S-
20) PMT. The system digitizes the current from detected photons to 12
bits. The laser light transmitted through the sample was collected by the
condenser lens and sent to another PMT to provide a bright-field trans-
mission image in registration with the fluorescent images. Measurements
were taken in a sample plane along dendritic segments (100—-150 wm
from the soma). Line scan signals were acquired at 6 ms per line and 512
pixels per line with 0.18 wm pixels and a 10 us pixel dwell time.

2PLSM mito-roGFP imaging. Midbrain slices from roGFP transgenic
mice (28-35 d old) were incubated in ACSF at physiological tempera-
tures (34-35°C) followed by a recovery period at room temperature.
Optical imaging of roGFP signals acquired using a 920 nm excitation
beam (80 MHz pulse repetition frequency and 250 fs pulse duration) in a
fixed plane of focus with a pixel size of 0.18 wm and a 10-12 ms pixel
dwell time. Fifteen to 20 seconds of roGFP (150-300 frames) dendritic
signal was collected per trial. Records with drifting baseline (due to pho-
tobleaching or photooxidation of roGFP) were discarded. At the end of
all experiments, the maximum and minimum fluorescence of mito-
roGFP were determined by application of 2 mm DTT to fully reduce the
mitochondria and then 100 um Aldrithiol (Ald) to fully oxidize the mi-
tochondria. The relative oxidation was calculated as 1 — [(F — Fy4)/
(Forr = Faw)l-

Treatment with synthetic o-syn and 7-pffs. Transduction with pffs gen-
erated from recombinant human a-syn protein was performed when the
mesostriatal cocultures from TH-mito-roGFP mice were 1 week old fol-
lowing previous established protocols (Volpicelli-Daley et al., 2011). A
final pff concentration of 2.5 ug/ml in prewarmed Neurobasal A/B27/
Glu medium was added to each well. After 2-3 d, 1 ml of medium from
each well was removed and 1 ml of fresh (pff-lacking) NeurobasalA/B27/
Glu medium was added in its place. One quarter of the medium was
exchanged twice a week. The 7-pffs were generated from the largest tau
isoform (T40) with a myc tag at the C terminus. The procedure for the
transduction of cultures with the tau fibrils was described previously
(Guo and Lee, 2013). Cultures were left to incubate with the pffs for at
least 2 weeks before imaging experiments were performed. For the
N-acetyl-cysteine (NAC) (Sigma) experiments, cultures were incubated
with 500 um NAC at the same time as the pffs. For the apocynin (APO;
Santa Cruz Biotechnology) experiments, cultures were treated with 200
uM APO 24 h before imaging. For the L-NAME (Sigma) experiments,
cultures were treated with 100 um L-NAME 1-2 h before imaging. After
each experiment, cultures were fixed and immunohistochemistry was
performed as described above with the mAb 81A antibody to confirm the
presence or absence of insoluble a-syn aggregates in each imaged neuron.

Data analysis. Electrophysiological data collected were analyzed using
ClampFit10.1 (Molecular Devices), Igor Pro 6.0 (Wavemetrics), or
MATLAB (MathWorks) software. Calcium and mitochondria roGFP
imaging data from cultures was analyzed using Microsoft Office Excel
2008 and Igor Pro 6.0 software. The stimulation, display, and analysis
software for the two-photon imaging data were analyzed using a custom-
written shareware package: WinFluor, PicViewer, and PowerCAL kindly
provided by John Dempster (Strathclyde University, Glasgow, United
Kingdom). Data were summarized using box plots. Statistical analysis
was done with SigmaStat 3.5 (Systat Software) software using nonpara-
metric testing Mann—Whitney rank-sum test for comparing between two
groups. With the exception of dendritic mito-roGFP 2PLSM, all reported
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Figure1. Morphological differences between cultured lateral mesencephalon (IMes) and medial mesencephalon (mMes) neurons. A, Serial optical sections (Z-stacks) were acquired on a confocal

microscope of 2-week old IMes and mMes neurons from cocultures generated from mice expressing TH-GFP. Images show that mMes neurons express the calcium binding protein calbindin while
IMes neurons do not. B, scRT-PCR verification of TH, Cb, and voltage-gated L-type Ca, 1.3 calcium channels (Ca, 1.3) mRNA expression in IMes and mMes neurons. Both neuronal types express TH and
(a,1.3, but only mMes neurons express Ch. €, Three-dimensional Sholl analysis of reconstructed IMes and mMes neurons. Data are shown as intersections of 1 .m eccentricities from the soma of 16
IMes and 18 mMes neurons. IMes neurons have more highly branched dendrites compared with mMes neurons, as indicated from the increased number of intersections. The number of intersections
peaks at a distance 60 — 80 m from the soma in both neuronal types. Inset: Dendrograms of one IMes and one mMes neuron displaying in two-dimensions the length, number, and connectivity
of dendritic segments. D, Box plots comparing the morphology of IMes and mMes neurons. IMes neurons have significantly more primary dendrites (IMes: median 6, mMes: median 4), branch points
(IMes: median 4, mMes: median 2.5), tips (IMes: median 10, mMes: median 6.5), and total dendritic length (IMes: median 1026.5 pm, mMes: median 626.6 p.m) compared with mMes neurons.
(IMesn = 16, mMes n = 18; p < 0.05). E, Whole-cell current-clamp recordings in response to an injection of negative current (—250 pA). IMes neurons can be identified by a voltage sag due to
activation of hyperpolarization-activated cyclic nucleotide (HCN)-gated channels. There is no voltage sag in mMes neurons (IMes n = 18, mMes n = 21).

p values are from two-tailed statistical tests. The threshold for statistical ~ minergic neurons were examined to determine the extent to

significance was p < 0.05.

Results

Dopaminergic neurons express an appropriate phenotype

in culture

Cocultures of the mesencephalon and striatum were generated
from 1- to 3-d-old transgenic mice expressing either eGFP or
mito-roGFP under control of the TH promoter, allowing identi-
fication of dopaminergic neurons. After 2 weeks in vitro, dopa-

which they displayed a mature phenotype.

As expected from previous studies (Neuhoff et al., 2002), both
the anatomy and physiology of dopaminergic neurons were cor-
related with calbindin expression. Calbindin-negative (Cb ) do-
paminergic neurons had a large spherical soma and richly
branching dendrites, whereas calbindin-positive (Cb *) dopami-
nergic neurons had a smaller, elongated soma and sparsely
branching dendrites (Fig. 1A). Calbindin expression is high in
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Electrophysiological properties between lateral mesencephalon (IMes) cultured neurons and SNc neuronsin slices. A, Somatic whole-cell current-clamp recording from a cultured IMes

neuron (shown to the left as a projection image) in pacemaking mode. B, Somatic whole-cell recording of SNc neuron in slice (shown to the right as a projection image) in pacemaking mode. C, D,
2PLSM measurements of dendritic Fluo-4 (200 wum) fluorescence at the scan regions (gray circles) of IMes neuron from culture and SNc neuron from slice. The calcium oscillations are in phase with
the pacemaking in both neurons. The amplitude of the calcium oscillations in culture is significantly less than in the SNc neurons. (AF/F, median in IMesis 0.1, n = 6; median in SNcis 0.7, n = 6).
E, Confocal image of a dopaminergic neuron showing localization and density of Cav1.3 calcium channels. The graph shows immunoreactivity of Cav1.3 channel at different distances from the soma.

Points were fit with a single exponential showing the decrease in density further from the soma.

neurons of the VTA and dorsal tier of the SNc and low in neurons
in the ventral tier of the SNc. In cultures derived from the lateral
mesencephalon, which encompasses much of the SN¢, approxi-
mately two-thirds of the dopaminergic neurons (as judged by
GFP expression) were not immunoreactive for calbindin. In con-
trast, in cultures derived from the medial mesencephalon, which
includes the VTA, the vast majority (~90%) of dopaminergic
neurons were calbindin immunoreactive. Single-cell RT-PCR
was used to verify that calbindin-immunoreactive dopaminergic
neurons expressed detectable levels of TH and calbindin mRNA
in addition to mRNA for the pore-forming Cav1.3 subunit of the
L-type Ca** channel (Fig. 1B).

Sholl analysis of dendritic branching confirmed the differ-
ences in anatomy between Cb ~ and Cb * dopaminergic neurons.
Cb ™ dopaminergic neurons had significantly more dendritic
branches 60—80 wm from the soma (Fig. 1C). Further analysis
showed that this difference was attributable to a combination of
more primary dendrites and increased dendritic branching. In
addition, the total dendritic length of Cb ™ dopaminergic neu-
rons was significantly greater than that of Cb " dopaminergic
neurons (Fig. 1D).

The anatomical differences between Cb* and Cb ~ dopa-
minergic neurons were used to guide subsequent sampling of
dopaminergic neurons in cultures of medial and lateral mesen-
cephalon. In cultures of medial mesencephalon, only small,
sparsely branching GFP-positive neurons were sampled. Con-
versely, in cultures of the lateral mesencephalon, only large, richly
branching GFP-positive neurons were sampled. Whole-cell
current-clamp recordings from presumptive Cb ~ dopaminergic
neurons commonly had a pronounced voltage sag in response to
hyperpolarizing current injection, whereas presumptive Cb * do-
paminergic neurons typically lacked this sag (Fig. 1E); these phys-
iological differences mirrored differences in the expression of
hyperpolarization and cyclic nucleotide gated cation channels
described in Cb ~ and Cb ™ dopaminergic neurons in brain slices
(Neuhoff et al., 2002). Therefore, for the purposes of presenta-
tion, these two populations will be referred to as Cb™ and Cb ~,
even though calbindin expression was not explicitly determined.

A key feature of mesencephalic dopaminergic neurons is au-
tonomous pacemaking (Nedergaard et al., 1993; Mercuri et al.,
1994). In the absence of synaptic blockers, most dopaminergic

neurons displayed some spontaneous spiking in cell-attached re-
cordings. After the addition of ionotropic glutamatergic and
GABAergic synaptic blockers (50 um AP-5, 10 um CNQX, and 10
uM SR95531; all Tocris Bioscience), approximately half of the
dopaminergic neurons continued to spike. The proportion of
spiking neurons was significantly higher than that reported pre-
viously (Rayport et al., 1992), perhaps as a consequence of the
culturing conditions. This spiking was regular in pattern as ex-
pected of autonomous pacemaking (Fig. 2A). Autonomous pace-
making rate was significantly higher in Cb* dopaminergic
neurons than in the Cb ~ dopaminergic neurons (Cb * median
4.67 Hz, n = 11; Cb ™ median 2.29 Hz, n = 14; data not shown),
again mirroring differences between these populations seen in
brain slices (Neuhoff et al., 2002).

In ex vivo brain slices, adult Cb~ SNc¢ dopaminergic neurons
exhibit dendritic Ca*" oscillations that are phase-locked to pace-
making (Wilson and Callaway, 2000; Guzman et al., 2009). To
determine whether this feature was recapitulated in culture, Cb ~
neurons were loaded with 200 uM Fluo-4 through a somatic patch
electrode and imaged using 2PLSM. In pacemaking Cb ~ dopami-
nergic neurons in culture, the rate of pacemaking was similar to that
seen in SNc¢ dopaminergic neurons in brain slices (Fig. 2A, B). The
voltage sag with hyperpolarizing current injection was similar, al-
though still significantly smaller in cultured Cb ~ dopaminergic neu-
rons compared with SNc ventral tier dopaminergic neurons from
slices (median slice sag, Vi,eax = Viteady-state! Vsteady-state = 0-43, 11 =
5; median culture sag, Vicac = Viteady-state! Viteady-state = 0-20, 71 =
7). The voltage sag in our cultures was similar in size to that in
previous studies done in cultured midbrain dopaminergic neu-
rons (Cardozo, 1993). In addition, there were modest, phase-
locked oscillations in dendritic Ca** concentration 40-50 wm
from the soma. Although significantly smaller in amplitude,
these oscillations were similar in frequency to those seen in adult
SNc¢ neurons (median slice AF/F, = 0.71, n = 6; median culture
AF/F, = 0.10, n = 6; Fig. 2C,D). To quantify L-type calcium
channel density, cultures were immunostained with an antibody
that recognizes L-type calcium channel subunit. As expected, the
staining revealed most of the L-type calcium channels to be lo-
cated in the soma, with a gradual decrease in channel density with
increased distance from the soma (Fig. 2E).
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Figure 3.  Contribution of L-type calcium channels in the influx of calcium during high-
potassium depolarization. 4, B, Whole-cell current-clamp recordings of one lateral mesenceph-
alon (IMes) neuron showing that the addition of 10 mm KCI depolarized the neuron by
approximately 10 mV but did not block the pacemaking activity. €, D, Cytosolic calcium eleva-
tions in IMes and medial mesencephalon (mMes) neurons after transient depolarizations with
10 mm KCl. The initial peak is significantly reduced in the presence of synaptic blockers (sb).
Subsequent addition of synaptic blockers and 1 yum nimodipine (nim) further decreases the
cytosolic calcium peak. E, F, Traces summarizing the changes in cytosolic calcium in IMes and
mMes neurons in the soma and dendrites after the addition of synaptic blockers with and
without T um nimodipine. The addition of synaptic blockers decreased the initial 10 mm peak
much more in mMes neurons compared with IMes neurons. As the distance from the soma
increases, the effect of synaptic blockers diminishes (black trace), whereas the addition of
synaptic blockers with nimodipine (green trace) has similar effect over all distances in IMes
neurons. The bars represent the upper and lower quartiles around the median. In the soma with
synaptic blockers only (IMes median 69.2%, n = 15; mMes median 34.7%, n = 19;p < 0.01).
In the dendrites with synaptic blockers only: distance 15 um (IMes median 73.5%; mMes
median 63%), distance 45 wm (IMes median 94%; mMes median 75%). In the soma with
synaptic blockers together with 1 um nimodipine: (IMes median 34.1%, n = 18; mMes median
18.8%, n = 21). Synaptic blockers together with 1 m nimodipine: distance 15 m (IMes
median 29%; mMes median 33%), distance 45 wm (IMes median 32%; mMes median 33%,
p < 0.001 at all distances).

L-type calcium channels contribute to dendritic

calcium influx

To assess depolarization-induced changes in cytosolic Ca>* con-
centration, neurons were loaded with 2 um fura-2 AM, washed,
and then transiently depolarized by bath application of 10 mm
KCI. Fura-2 AM effectively filled both soma and dendrites. Addi-
tion of 10 mm KCl depolarized Cb ~ dopaminergic neurons with-
out resulting in depolarization-induced block of the pacemaking
activity (Fig. 3A,B). KCl application evoked a rapid, robust ele-
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vation in cytosolic Ca*" concentration (Fig. 3C). The addition of
synaptic blockers diminished the KCl-evoked elevation in cyto-
solic Ca®" concentration. This attenuation was prominent in the
soma and proximal dendrites, suggesting that these were the ma-
jor targets of synaptic input. The addition of the L-type channel
antagonist nimodipine at a saturating concentration (1 um) for
both Cavl.2 and Cav1.3 channels significantly decreased the KCI-
evoked change in cytosolic Ca®* concentration throughout the
neuron (Fig. 3E). Similar results were obtained from Cb * dopa-
minergic neurons (Fig. 3D,F), however, after treatment with 1
uM nimodipine, the decrease in the KCl-evoked elevation in den-
dritic Ca®" concentration appeared to be less robust in the den-
drites of these neurons (compare Fig. 3E, F).

Mitochondrial oxidant stress is elevated in dendrites

To determine whether mitochondrial oxidant stress differed in
somatic and dendritic regions, cultures were generated from TH-
mito-roGFP mice. In these mice, the reversible, ratiometric
redox-sensitive variant of GFP was targeted to the mitochondrial
matrix (Hanson et al., 2004). Because the probe is ratiometric,
estimates of mitochondrial matrix redox state were independent
of expression level. Furthermore, this variant of roGFP was rela-
tively insensitive to changes in pH, changing <<3% with a shift in
pH from 7.7 to 6.8 (data not shown). In cultured neurons, mito-
roGFP was visible in both somatic and dendritic mitochondria.
Using roGFP fluorescence to measure mitochondrial position,
the probability of encountering a visible mitochondrion progres-
sively decreased with distance from the soma (Fig. 44). Mito-
chondrial redox status was measured by selecting ROIs in the
soma and dendrites. The fluorescence was calibrated after each
experiment by incubating the cultures with 2 mm DTT to fully
reduce the mito-roGFP and 1 mMm tert-butyl hydroperoxide to
fully oxidize the mito-roGFP. This calibration allowed normal-
ization of the fluorescence signal, yielding estimates of thiol pro-
tein oxidation between 0 and 1 (Guzman et al., 2010).

Basal oxidant stress of somatic mitochondria in Cb ~ dopami-
nergic neurons was significantly higher than that in Cb * dopa-
minergic neurons (Cb ~ median 0.37, 7 = 16; Cb ™ median 0.14,
n = 18; Fig. 4B). This result is in agreement with previous studies
of ventral tier SNc dopaminergic neurons (Cb ) and VTA dopa-
minergic neurons (Cb ™) in brain slices (Guzman et al., 2010).
Eliminating ionotropic glutamatergic and GABAergic synaptic
transmission did not change mitochondrial oxidation, perhaps
reflecting the dominance of GABAergic synapses in the culture
model and the absence of glutamatergic synapses formed by neu-
rons in the subthalamic and pedunculopontine nuclei.

Dendritic mitochondria close to the soma had oxidation levels
similar to those of somatic mitochondria. However, as the dis-
tance from the soma increased, mitochondrial oxidant stress
progressively increased in both Cb~ and Cb™ dopaminergic
neurons (Fig. 4C). As observed in the soma, antagonizing iono-
tropic GABA and glutamate receptors had no effect on mito-
chondrial oxidant stress measurements in the dendrites. In
contrast, antagonizing L-type Ca** channels robustly decreased
estimates of mitochondrial oxidant stress throughout the soma-
todendritic region of Cb ~ dopaminergic neurons. The change in
mitochondrial redox status was relatively slow to develop (Fig.
4D), probably as a result of kinetics due to the enzymatic reduc-
tion of probe thiol proteins. To estimate accurately the effects of
blocking L-type channels, cultures were preincubated with 1 um
isradipine for 1-2 h before imaging. These experiments revealed
that antagonizing L-type channels not only diminished mitochon-
drial oxidant stress in the somatic mitochondria, but also in den-
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dritic mitochondria (Fig. 4E). In fact, after
preincubation with the L-type channel an-
tagonist isradipine, there was no longer a
significant difference between somatic and
dendritic mitochondrial oxidant stress in
Cb ™~ dopaminergic neurons (Fig. 4E).

To determine whether the elevation in
dendritic mitochondrial oxidant stress
was an artifact of cell culture, experiments
were conducted in brain slices from adult
TH-mito-roGFP mice. In brain slices,
dendritic mitochondria are more difficult
to visualize, but neurons could be found
in which a dendrite could be followed for
100 wm or more (Fig. 4F). As in cell cul-
ture, dendritic mitochondria (80-100
pm from the soma) were significantly
more oxidized than somatic mitochon-
dria. However, in VTA dopaminergic
neurons, this was not the case (Fig. 4G).

Why were mitochondria in dendrites
more oxidized than those in the soma? One
possibility is that dendrites rely more on mi-
tochondrial oxidative phosphorylation for
production of ATP than the soma, where
anaerobic glycolysis has been shown to
make a substantial contribution (Ivannikov
et al,, 2010). To test this possibility, mito-
chondrial oxidation was measured when the
glucose in the ACSF was replaced with ga-
lactose. In contrast to glucose, neurons me-
tabolize galactose too slowly to support
glycolytic ATP production and they must
rely on oxidative phosphorylation to survive
in the presence of this substrate (Rodriguez-
Enriquez et al., 2001). In somatic and prox-
imal dendritic regions, this replacement led
to a significant increase in mitochondrial
relative oxidation (glucose median = 0.34,
galactose median = 0.41, n = 16), suggest-
ing that respiration increased in these re-
gions when glycolysis was disrupted. An
increase in mitochondrial respiration and a
decrease in lactate production upon switch-
ing from glucose to galactose has been re-
ported previously (Gohil et al, 2010).
However, in more distal dendritic regions,
switching to galactose had no significant ef-
fect on mitochondrial oxidant stress, indi-
cating that respiration was unchanged
(glucose median = 0.51, galactose me-
dian = 0.53, n = 14). Although indirect,
these results are consistent with the propo-
sition that dendrites are more dependent
upon mitochondria to meet their metabolic
needs than is the soma. This difference

could contribute to the elevated dendritic mitochondrial oxidant

stress.

Formation of a-syn aggregates in neurons increase

mitochondrial oxidant stress

The accumulation of a-syn in LBs and Lewy neurites (LNs) is a
hallmark of PD (Braak et al., 2004). Because the cellular mecha-
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Figure4.  Mitochondria are more oxidized in lateral mesencephalon (IMes) neurons compared with medial mesencephalon (mMes)
neurons. 4, Reconstructed TH-miro-roGFP expressing neuron. The roGFP construct is visible in both the soma and dendrites. Based on the
roGFPssignalintensity, the probability of mitochondrial presence was measured at different pointsin the soma and dendrites and plotted on
agraph. The points were fit with a single exponential showing decrease in mitochondrial density as the distance from the soma increases.
B, Mito-roGFP ratiometric traces from IMes and mMes neurons monitoring the oxidation states of somatic mitochondrial after the addition
of synapticblockers. To calculate the dynamic range of the roGFP after each experiment, 2 mm DTT and T mm tert-butyl hydroperoxide (tBH)
were used to maximally reduce and oxidize the mitochondria, respectively. C, Traces summarizing the oxidation of somatic and dendritic
mitochondria in both IMes and mMes neurons. The bars represent the upper and lower quartiles around the median. Oxidation is progres-
sively increased with distance from the soma. In the soma (IMes median 0.38, n = 7; mMes median 0.16,n = 12; p << 0.01), Distance 15
um (IMes control median 0.41, n = 24, mMes control median 0.18, n = 7). Distance 45 jum (IMes control median 0.64, n = 23; mMes
control median 0.37,n = 18). D, Relative oxidation traces of the mito-roGFP signal in the soma and dendrite (45 .um away) of IMes neuron
displaying the reduction of the mitochondria with the addition of 1 .um nimodipine together with synaptic blockers. Addition of synaptic
blockers did not significantly change the oxidation level of the mitochondria. Because of the slow kinetics of the mito-roGFP, adding
nimodipine for 10—15 min was not enough to reduce the roGFP to steady state. £, Preincubation for 1-2 h with T wum isradipine in IMes
neurons significantly decreased the level of oxidation at all measured distances (green trace). All control values are reported after addition
of synaptic blockers. Soma (control median 0.22,n = 7). Distance 15 um (control median 0.20,n = 12). Distance 45 um (control median
0.32, n = 16). The control trace from C (black) is shown for comparison (p << 0.01 at all distances). F, Image of SNc neurons in slice
expressing the TH-mito-roGFP in both the soma and dendrites. G, Box plots summarizing the relative oxidation of somatic and dendritic
mitochondria in SNcand VTA neurons from slices. Dendritic mitochondria are significantly more oxidized than somatic mitochondria in SNc
neurons; however, there is no difference between the oxidation of somatic and dendritic mitochondria in VTA neurons.

nisms of protein degradation are ATP dependent, deficits in mi-
tochondrial function have been posited to contribute to LB/LN
formation (Martin et al., 2006). In addition, the formation of
these aggregates could increase oxidative stress by stimulating
mitochondrial-independent ROS production (Brennan et al.,
2009). To test this possibility, 1-week-old TH-mito-roGFP cul-
tures were incubated with pffs of purified recombinant human
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a-syn. These pffs are taken up by neurons and recruit endoge-
nous a-syn to form aggregates resembling LBs/LNs (Volpicelli-
Daley et al., 2011). Moreover, pathological a-syn within the
aggregates, but not normal a-syn, is phosphorylated at Ser129
and therefore antibodies such as mAb 81A, which can recognize
this unique phosphorylation site, provide a convenient marker
for LBs/LNs (Fujiwara et al., 2002; Luk et al., 2009). Two weeks
after introduction of the pffs, mitochondrial oxidant stress levels
were measured in lateral mescephalon Cb ~ and medial mesen-
cephalon Cb™ dopaminergic neurons; the cultures were then
fixed and immunostained using the mAb 81A antibody. In most
neurons, immunoreactive intracellular aggregates were distrib-
uted throughout the soma and dendrites (Fig. 5A). Mitochondria
were intermingled with the aggregates. However, not all neurons
in the culture formed intracellular aggregates. Dopaminergic
neurons did not appear to be more likely to have aggregates than
nondopaminergic neurons in the cultures. In Cb ~ dopaminergic
neurons having inclusions, mitochondrial oxidant stress levels
were significantly higher in the soma and proximal dendrites
than in neurons without inclusions (Fig. 5B,C). The same was
true of Cb © dopaminergic neurons (data not shown). Neurons
lacking visible inclusions had normal mitochondrial oxidant
stress levels, suggesting that extraneuronal sources of superoxide,
such as microglia, were not contributing to the observed change
(Fig. 5B). Treatment with the L-type Ca*" channel antagonist
isradipine significantly diminished the oxidant stress levels
throughout Cb ™~ dopaminergic neurons. However, mitochon-
drial oxidant stress levels in the dendrites remained significantly
greater than those without pff incubation, suggesting that the
pff-induced oxidant stress was independent of the stress induced
by Ca*" entry (Fig. 5D, E). To test the specificity of the response
to a-syn pffs, neurons were incubated with pffs formed from 7
(Guoand Lee, 2013). These 7-pffs are taken up by neurons (Wu et
al., 2013) to form 7 aggregates (Guo and Lee, 2013). However, in
contrast to a-syn pffs, 7-pff incubation did not significantly
change mitochondrial oxidant stress in the soma or dendrites of
mesencephalic neurons (soma control median 0.4, n = 7; tau
median 0.35, n = 7; 15 um control median 0.41, n = 24;
tau median 0.42, n = 8; 45 wm control median 0.64, n = 23; tau
median 0.58, n = 10).

It is possible that the formation of a-syn inclusions stimulates
ROS production in the cytosol. One potential source of oxidative
stress is NADPH oxidase, which can transfer an electron from
NADPH to molecular oxygen, producing superoxides (Bedard
and Krause, 2007). Although NADPH oxidase is thought to be
very low in neurons, recent work has shown that stress can up-
regulate neuronal expression (Choi et al., 2012; Schiavone et al.,
2012). To determine whether NADPH oxidase contributed to
mitochondrial oxidative stress, cultures were incubated with the
NADPH oxidase inhibitor APO. APO (200 uMm) had no effect on
the mitochondrial oxidative stress in the absence of pffs (Fig. 5F).
However, in cultures that were transduced with a-syn pffs, APO
significantly diminished mitochondrial oxidative stress in the so-
matic and proximal dendritic regions (Fig. 5G).

Another potential source of oxidant stress in neurons is nitric
oxide synthase (NOS). Although mesencephalic dopaminergic
neurons are not known to express the neuronal form of NOS,
cultures were incubated with the broad spectrum NOS inhibitor
L-NAME. Surprisingly, L-NAME (100 uMm) significantly dimin-
ished basal mitochondrial oxidant stress (Fig. 5H ). L-NAME also
diminished oxidant stress of neurons incubated with a-syn pffs,
but this effect was largely attributed to lowering basal mitochon-
drial oxidant stress (Fig. 5I).
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The most parsimonious interpretation of these results is that the
formation of a-syn inclusions elevated lysosomal NADPH oxidase
activity, leading to an increase in cytosolic ROS levels, secondarily
increasing mitochondrial matrix oxidant stress. To test this hypoth-
esis, neurons were incubated with NAC, a derivative of the amino
acid L-cysteine, which is a cell-permeable antioxidant. When a-syn
pff containing Cb ~ neurons were incubated with NAC (500 um),
somatic mitochondria oxidant stress was diminished to that seen in
control cultures. NAC alone had no effect on the baseline somatic
mitochondrial oxidation, consistent with the idea that is was not
entering the mitochondrial matrix (Fig. 6 A, B). To test this hypoth-
esis directly, neurons were infected with AAV virus that expressed a
variant of roGFP that was targeted to the cytosol (Fig. 6C). As ex-
pected, incubation with a-syn pffs significantly increased cytosolic
oxidant stress (Fig. 6D).

Discussion

There were three major findings in the present study. First, dopami-
nergic neurons maintained in striatal cocultures for several weeks
develop a physiological phenotype resembling that found in vivo.
Second, in these dopaminergic neurons, mitochondrial oxidant
stress is elevated in the dendrites relative to the soma. This relative
elevation in stress was physiologically derived, because inhibition of
voltage-dependent L-type calcium channels eliminated it. Further-
more, this mitochondrial oxidant stress was greater in neurons lack-
ing detectable levels of the calcium-binding protein calbindin. Third,
mitochondrial stress was exacerbated by the formation of a-syn in-
tracellular proteinaceous inclusions. This pff-induced elevation in
mitochondrial oxidant stress appeared to originate from extramito-
chondrial NADPH oxidase activity.

Dopamine neurons in culture adopt an in vivo phenotype
Previous work in our laboratory has shown that the combination of
pacemaking and cytosolic calcium oscillations is closely linked to
perisomatic mitochondrial oxidant stress in SNc dopaminergic neu-
rons (Guzman et al., 2010). Pacemaking without cytosolic calcium
oscillations, as found in neighboring VT'A dopaminergic neurons, is
associated with significantly lower mitochondrial oxidant stress. In
these two populations of neurons, dendritic calcium oscillations and
mitochondrial oxidant stress are strongly correlated with calbindin
expression: ventral tier SNc¢ dopaminergic neurons lack calbindin
expression, whereas VT'A dopaminergic neurons express high levels
of calbindin (Neuhoff et al., 2002).

In culture, neurons expressing GFP under control of the TH
promoter could be divided into two morphologically distinct groups
on the basis of calbindin expression (corresponding to SN¢ and
VTA), allowing each group to be sampled for electrophysio-
logical analysis. After 3 weeks in vitro, over half of presumptive
Cb ™~ dopaminergic neurons displayed slow, autonomous pace-
making in the presence of synaptic blockers, pronounced voltage
sag with hyperpolarizing current pulses, and cytosolic calcium
oscillations. These are all physiological traits of Cb ™~ SNc dopa-
minergic neurons in ex vivo brain slices. Presumptive Cb ~ dopa-
minergic neurons in culture displayed faster autonomous
pacemaking, little voltage sag with hyperpolarizing steps, and no
detectable oscillations in dendritic calcium concentration, again
mirroring the properties of Cb ™ VTA neuron ex vivo (Neuhoff et
al., 2002). Given the technical difficulties associated with record-
ing from plated primary neurons with patch electrodes (e.g., me-
chanical stress and vibration), it is likely that the majority of the
Cb ™~ and Cb " dopaminergic neurons in our cultures had auton-
omous activity. The proportion of spiking dopaminergic neurons
in our sample was higher than that reported previously, but this
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Figure 5.  Formation of c-synuclein aggregates has an additive effect on the relative oxidation of the mitochondria in both the soma and dendrites of lateral mesencephalon (IMes) neurons. 4, Confocal
image of TH-mito-roGFP IMes neuron afterimmunohistochemistry with the mAb 8 1A antibody that recognizes endogenous cx-syn in aggregates that are abnormally phosphorylated (top). Using Imaris, confocal
images of the neurons were reconstructed by creating isosurfaces representing the total intensity of the fluorescence per pixel. The isosurface is a digital representation of the fluorescence expression within a
volume of space (bottom). B, Plots show how mitochondrial oxidant stress changes in IMes cultures transduced with a ce-syn pffs (red). The bars show the upper and lower quartiles; circles are the medians.
Oxidation increases with distance from the soma. For comparison, measurements from control cultures that were not transduced with pffs are shown (black). pff neurons; soma (control median 0.55,n = 7).
Distance 15 pum (control median 0.55, n = 14). Distance 45 um (control median 0.71,n = 16). C, In cultures that were transduced with pffs, not all neurons took up the pffs as determined by immunostaining
with the mAb 81A antibody. Graph shows relative oxidation of neurons that were exposed to pffs but that did not contain c-syn aggregates (black). For comparison, the data from pffs containing neurons is
shown (red). All control values were obtained after addition of synaptic blockers. For neurons lacking aggregates, median oxidation values were: soma (median 0.46,n = 6). Distance 15 um (median 0.37,n =
11). Distance 45 pum (median 0.57,n = 14). D, E, Plots showing that preincubation with 1 pumisradipine for 1-2 h significantly lowers the oxidation levels of mitochondria in both the soma and dendrites. This
lowering did not reach control levels (green). The cx-syn aggregate-bearing neuron data from Figure 5B (red) and the control +isradipine traces from Figure 4 (black) are shown for comparison. As mentioned
earlier, not all IMes neurons that were part of the pff-transduced cultures took up the cx-syn aggregates. We measured the relative oxidation of those neurons after preincubation with 1 umisradipine; this data
is shown in E (black). The pff + isradipine data from D (green) is shown for comparison. pff -+ isradipine soma (control median 0.31,n = 9). Distance 15 em (control median 0.46, n = 29). Distance 45 um
(control median 0.50, n = 14). Neurons lacking pffs that were exposed to isradipine soma (median 0.29, n = 5). Distance 15 m (median 0.31,n = 9). Distance 45 um (median 0.35, n = 14). These data
suggest that c-synuclein aggregates create substantial oxidant stress that is extramitochondrial in origin. F, Addition of 200 um APO, an inhibitor of NADPH oxidase brings the mitochondrial oxidant stress down
to control levels and there is no difference between APO and control at any measured distance. G, Plots showing relative oxidation of mitochondria after the addition APO in cultures transduced with pffs. APO
significantly decreased the oxidation in the soma and proximal dendrites (black). Control data from D (red) are shown for comparison. H, Inhibition of NOS by addition of 100 um1-NAME significantly decreased
the oxidation level below that of the control in the soma and proximal dendrites. /, Plots showing relative oxidation of mitochondria after the addition of L-NAME in cultures transduced with pffs. .-NAME
significantly decreased the oxidation in the soma and proximal dendrites (black). Control data from D (red) are shown for comparison. (soma-control, median 0.40, n = 7; .-NAME, median 0.27, n = 8; APO,
median 0.32,n = 5;15 m-control, median 0.41, n = 24;1-NAME, median 0.28, n = 22; AP0, median 0.39,n = 10);45 pm-control, median 0.64, n = 23;1-NAME, median 0.43, n = 19; AP0, median 0.52,
n=9.soma-pffs + --NAME, median 0.25,n = 7; pffs + AP0, median 0.38,n = 10; 15 um-pffs + L-NAME, median 0.37, n = 13; pffs + APO, median 0.41,n = 11;45 um-pffs + 1-NAME, median 0.67,
n=18; pffs + APO, median 0.59, n = 6).

difference could very well be related to technical differences as-  calcium oscillations) were as robust in culture as they are in ex
sociated with patch-clamp recording (Masuko et al., 1992; Ray-  vivo brain slices from 3- to 4-week-old mice. This is likely to
port et al., 1992; Cardozo, 1993). reflect the incomplete synaptic and trophic environment af-

Although most dopaminergic neurons were active, none of  forded by a dissociated cell culture preparation, even with the
the physiological measures (pacemaking, voltage sag, or cytosolic ~ addition of a primary target of SNc dopaminergic neurons—
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increases the oxidation in the cytosol (control median 0.30, n = 5; pff median 0.58,n = 17).

the striatum (Perrone-Capano and Di Porzio, 2000). Never-
theless, the neurons in culture did qualitatively resemble the
phenotype in vivo, providing a good model system with dis-
tinct experimental advantages.

Mitochondrial oxidant stress is elevated in dendrites

Using morphological criteria that distinguish between Cb ™~ and
Cb* dopaminergic neurons, fluorescent microscopy was used to
assess the redox status of mitochondrial matrix proteins in periso-
matic and dendritic regions. Ratiometric fluorescence measure-
ments from roGFP were calibrated by the application of strong
reducing and oxidizing agents at the end of each experiment (Guz-
man et al., 2010). This procedure allowed quantitative comparisons
to be made between cells and preparations by eliminating the impact
of probe expression level or optics.

Mitochondrial oxidant stress in the perisomatic region was
higher in Cb ~ dopaminergic neurons than in Cb * dopaminergic
neurons; differences between these cell types were similar to those
seen in ex vivo brain slices (Guzman et al., 2010). What was not
appreciated from previous work was that this mitochondrial
oxidant stress increased in dendrites with distance from the peri-
somatic region. This was particularly prominentin Cb ~ dopami-
nergic neurons. The relatively greater oxidant stress in the
dendrites of Cb ™~ dopaminergic neurons was corroborated by
measurements of SNc¢ dopaminergic neurons in ex vivo brain
slices, suggesting that it was not an artifact of cell culture. The
reasons for this progressive increase are not entirely clear. One
major determinant was calcium entry through L-type calcium
channels, because antagonists of these channels diminished mi-
tochondrial stress throughout the cell but most dramatically in
dendrites. In the presence of these antagonists, there was no re-
gional difference in the mitochondrial matrix oxidant stress. If
the density of calcium channels is constant along the dendrite, the
surface area to volume ratio will increase as the dendrite tapers
with distance from the soma, which would result in more rapidly
rising calcium concentrations and oscillation frequency (Wilson
and Callaway, 2000), potentially increasing metabolic load per
unit volume as dendrites tapered. Consistent with this hypothe-
sis, apparent Cavl.3 L-type channel density fell only modestly
with distance from the soma.

cyto-roGFP

a-synaggregate-induced cytosolic oxidation in IMes neurons s lowered by addition of ROS scavengers. A, Box plots showing
that the addition of 500 um NAG, a cell-permeable antioxidant, decreases the mitochondrial oxidation back to control levels.(control,
median 0.40, n = 7, NAC, median 0.42, n = 6). B, Box plots showing that the addition of 500 m NAC decreases the mitochondrial
oxidation back to control levels in cultures transduced with pffs (pff, median 0.56, n = 8; pffs + NAC, median 0.43, n = 7). C, Confocal
image of a neuron expressing cyto-roGFP 48 h after incubation with an adenovirus containing cyto-roGFP. D, Box plots summarizing the
relative oxidation of cytosolic roGFP in control and in neurons that were transduced with pffs. As expected, the addition of pff significantly
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Another potential factor was that mi-
tochondrial density appeared to fall as a
function of distance from the soma, po-
tentially increasing the metabolic demand
per mitochondrion. That said, the relative
contributions of oxidative phosphorylation
and glycolysis to ATP production in the
dendrites are not well understood. In
particular, the density of glycolytic en-
zymes as a function of dendritic location
is not known. Substituting galactose for
glucose, which should minimize the
contribution of glycolysis to ATP pro-
duction, had no effect on mitochondrial
oxidant stress in distal dendrites, sug-
gesting that the mitochondria were the
primary source of ATP in these regions;
however, this conclusion is at odds with
work in other neurons (Ivannikov et al.,
2010). Because the methods to study
this question are imperfect, full resolu-
tion of this question will require differ-
ent approaches.
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«a-Syn aggregates increase mitochondrial oxidant
stress indirectly
Another major finding in our study was that the accumulation of
insoluble a-syn aggregates seeded by extracellular a-syn pffs in-
creased mitochondrial oxidant stress throughout Cb ~ dopami-
nergic neurons. Incubation with tau-pffs, which also are taken up
by neurons and form inclusions (Guo and Lee, 2013), did not
measurably increase mitochondrial oxidant stress, arguing that
the effect was peculiar to a-syn. Although our mitochondrial
measurements were limited to dopamine neurons, inclusions
were prominent in nondopaminergic neurons as well. These in-
clusions were interspersed with mitochondria (visualized with
the mito-roGFP probe) throughout the soma and dendrites.
Although it has commonly been hypothesized that the formation
of a-syn LBs/LNs would have negative consequences for mitochon-
dria (Moore et al., 2005), there has been little direct evidence to
support this hypothesis. Our studies fill this gap and provide several
clues as to its origin. First, the fact that dopaminergic neurons lack-
ing visible inclusions did not have elevated mitochondrial stress ar-
gues that, in our cultures, the origin was not microglial, but rather
originated within the inclusion-bearing neuron. Second, the ability
of the antioxidant NAC to significantly attenuate pff-induced stress
suggests that the source was outside of mitochondria, because NAC
does not generally enter them and it did not diminish basal, activity-
dependent mitochondrial matrix oxidant stress. Further support for
this inference camE from the observation that incubation with a-syn
pffs increased oxidation of cytosolic roGFP. Third, apocynin, a po-
tent NADPH oxidase inhibitor, diminished a-syn pff-induced
stress, but had no effect on activity-dependent mitochondrial stress.
NADPH oxidases are enzymes that participate in inflammatory re-
sponses, transferring electrons from NADPH to molecular oxygen,
generating superoxides (Bedard and Krause, 2007). ROS produced
in this way can readily cross the mitochondrial membranes, increas-
ing oxidation of matrix thiol proteins (and roGFP). Although usu-
ally found in non-neuronal cell types, recent work has shown that
hippocampal and dopaminergic neurons upregulate NADPH oxi-
dase when stressed (Choi et al., 2012; Schiavone et al., 2012), pre-
sumably to help meet proteostatic challenges.
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One unexpected finding of this study was that inhibition of
NOS diminished basal mitochondrial oxidant stress in dopami-
nergic neurons. NOS inhibition with L-NAME also decreased
mitochondrial oxidant stress in the presence of a-syn pffs but,
like L-type channel antagonists, this effect was attributable to a
reduction in basal stress. What is puzzling about this result is that
there is little evidence that SNc dopaminergic neurons express
neuronal NOS. One possible interpretation of this result is that
mitochondria of dopaminergic neurons express NOS (Ghafouri-
far and Cadenas, 2005; Marks et al., 2005). Calcium entry into the
mitochondria matrix is thought to stimulate this form of NOS,
leading to NO-mediated inhibition of cytochrome oxidase and
increased production of superoxide.

Conclusions

Our studies suggest that mitochondrial oxidant stress in vulnerable,
Cb ™ dopaminergic neurons is elevated not just in the somatic re-
gion, but in dendritic regions as well. The dendritic mitochondrial
stress is largely attributable to activity dependent calcium entry
through L-type calcium channels, because antagonizing these chan-
nels globally reduced the stress and eliminated regional differences in
stress. In addition, our studies revealed that the formation of LB/LN-
like intracellular o-syn aggregates after seeding with synthetic o-syn
pffs increased mitochondrial oxidant stress by boosting NADPH
oxidase activity, providing a link between proteostatic and mito-
chondrial mechanisms of PD pathogenesis.
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